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TIME CORRELATION INTERVAL 
OF SIGNALS AND ITS RELATION 
TO PARAMETERS OF THE POWER SPECTRUM 


N.A. Zheleznov 


Relations for calculation of the time correlation interval of any arbi- 
trarynon-stationary signal in the power spectrum are developed. It has 
been proved that calculations can be made to any desired degree of accu- 
racy on the basis of an experimentally found range of the spectrum in a 
limited frequency band. In order to demonstrate the above facts, a signal 
correlation integral is calculated for Russian speech. The relation be- 
tween the number of measurements on the model with a limited spectrum 
and the degrees of freedom of the signals is also investigated. 


INTRODUCTION 


The time correlation interval T) by definition [1] is a time interval 
during which the correlation values in signals entirely diminish. There- 
fore, the signal magnitudes at the instances T; and Tj, which are separated 
by an interval | t, - tz] > 79, are uncorrelated. 

; The number of uncorrelated elements (degrees of freedom) Ny =T/79, 

where T is the duration of the signal, is an important characteristic of a 
signal. For a fixed number of differentiable gradations of intensity, No 
defines the possibility of signals as to transmission of information. There- 
fore, it is necessary to investigate the factors upon which Ny is dependent 
and the conditions which ensure the possible maximum number of uncorre- 
lated elements. 

Since a direct measurement of Ty) is not always possible, it is desir- 
able to obtain relations for the calculation of the correlation interval in the 
power spectrum, the latter being easily determined. 

These questions were first investigated by the author in his report to 
the All-Union Conference on Speech Statistics, sponsored by the Academy 
of Sciences and the University of Languages, in 1957 [2]. The present 
article is intended to further clarify and develop the mentioned previous 
results. 

In the general case of arbitrary non-stationary signal, the time cor- 
relation function Ry (t, 7) depends upon the shift 7 as well as the contin- 
uous values of t. In the particular case of quasi-stationary signals [3], 


ac Ae 
Ry (t, T) = RT (7), i.e., is independent of t for - “3 +7) <t< “9 7 To 
Here R(T) is anevenfunction of 7 different from zero inthe interval (-T9, To). 
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The arbitrary non-stationary signals are characterized [3] by an in- 
stant power spectrum ®7 (f, t), where f is the continuous frequency for 
which case the spectrum is related to RT(t, T) by the Fourier transform 
equations with a variable 7 and f. 


\ 
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In the case of quasi-stationary signals ®p (f, t) =®T(f), Equation (1) 
takes the form of Fourier cosine-transform equations. 

In order to give a more precise description_of non-stationary signals 
one has to introduce the average power spectrum@T (f), which is formed by 
taking the average of Py (f, t) in the interval T, as well as the average cor- 
relation function R~ (7) which is obtained by a similar method using Rt(t, 7). 
The above two functions are also interrelated by Fourier cosine-transform 
equations. 

It has to be noted, that the question of the relationship between the 
length of the function F(x) along the x-axis and the length of its Fourier 
transforms G(y) along the y-axis has been investigated quite a number of 
times, beginning with the classical investigation of A.G. Mayer and E.A. 
Leontovich, [4] and ending with the latest article by Lampard [5]. How- 
ever, in all these works, a certain conditionally chosen magnitude is used 
in order to define the length, which differs from the true length. There- 
fore, the results of the above investigations can not be used in our case, 
since our concern is to establish relations between the actual length of the 
correlation signals, which length is being limited, and the power spectrum 
parameters. 


CORRELATION INTERVAL OF QUASI-STATIONARY SIGNALS 


Let us introduce into our discussion the effective BW (bandwidth) of 
the power spectrum, by presenting it in the following form: 


‘Ls [Onn af, (2) 


where), is the maximum value of the spectrum. 

Then the following result holds. 

Theorem 1: The minimum magnitude of the correlation interval of 
quasi-stationary signals is inversely proportional to twice the magnitude 
of the effective BW of the power spectrum, 

1 
2Mfeff 8) 


%omin= 
and independent of the fine structure of the spectrum. 


If the correlation function of the quasi-stationary signals is positive, 


then T) = Ty min is the case when Ry (7) is unsymmetrical with respect to 
the origin of the correlation interval, i.e., 


aE t)-e(F)=e(8) ef-s) 


where 0< 7 < 7)/2. 

The proof of this result is similar to the proof of the theorem on the 
maximum number of uncorrelated elements at the output of an information 
channel, known from the work of the author [6]. Therefore it will not be 
given here. 

: Theorem 1 permits one to conclude that the maximum possible num- 
ber of uncorrelated elements in quasi-stationary signals will be equal to 


Nomax a 2T4Af 55 (5) 


Thus, this important signal parameter depends only on the duration 
of signals and the effective BW of the power spectrum. 

An example of quasi-stationary signals for which the correlation 
interval reaches a possible minimum value, are signals with a correlation 
function 


Rr) =Rp() (1-1), Of <s. (6) 


As was shown in [3], the arbitrary non-stationary signals uT(t) can 
be compared with the quasi-stationary signals, which are equivalent to 
them in a sense, since their correlation function and power spectrum coin - 
cide in accordance with the average correlation function RT (7) and the 
average power spectrum PT (f) of the signals uT(t). Let us designate the 
correlation interval of function R[T(T) by 7). It is clear, that the above 
results will hold also for T). Non-stationary signals appearing as a train 
of rectangular pulses have an average correlation function in the form of 
Equation (6). These pulses have a duration of 7) and random uncorrelated 
amplitudes &) (for Ef, = 0 where E stands for the mathematical expecta- 
tion) appearing at instances tk: 


N 
up(t)= $8, /7(t— ty) (7) 
k=1 
where = 
Pine 1O<t<% 8 
(( Mae: other ts. e 


Different non-stationary signals can have the same average correla- 
tion function; therefore R7T(T) as it is inform (6) is also common for 
signals which are not discussed here. As the investigations of A.A. 
Kharkevich [7] have shown, the so-called "generalized telegraph signals" 
(differing from the above signals by the fact that their ' amplitude" have 
the value of +A with equal probability and by the fact that the change of 
sign occurs at fixed instants of time tk = kT9) will have an average correla- 
tion function in the form of (6). n 

It may be of some interest to find a relation between Ty and the maxi- 
mum value of the continuous correlation intervals of non-stationary signals 
ut (t). If at any t on the interval T we have a relation RT (t, 7) 2 0, then 
it is easy to see that Ty will be equal to the maximum value of the correla- 
tion interval T) max which occurs for great values of time t of finite magni- 
tudes. Since the continuous correlation function may be also negative, the 
time average of RT (t, 7) may become mutually compensated as to the 
positive and negative values of Ry (t, 7) for a given T. Consequently, the 
following estimation holds for the general case: @) 

Tomax > To 


Applying theorem 1 to the correlation interval Ty one can write 


fils (10) 
Tomax 2 Wats 


where Afogt is the effective BW of the average power spectrum of the inves- 
tigated non-stationary signals. ; j 

During the proof of theorem 1, we obtain the following convenient re- 
lation: 


<= tomin[ Po (0) +2. ® (nfa)], (11) 
n=1 
where 
%(fy= "EO (12) 


is the normalized power spectrum, and fy = 1/Ty. Equation (11) can be 
used to calculate the correlation interval in the power spectrum, making 
use of the trial-and-error method. 

While calculating the correlation interval in the experimentally found 
power spectrum, in practical cases, one is given only the spectrum range 
corresponding to the limited BW. It is important to seek out the errors 
which are tolerable in the determination of T). The factor in brackets in 
Equation (11) is designated by 8. Then 


Goa p 
24feff 


During determination of Afeff in a limited spectrum range, one ob- 
tains Afiep = Afegg - 54, where 5; > 0. Similarly for 8 one has f' = B - 5g, 
where 5, > 0. As a result one has 

as hee 
2 (Af ep- bi) 
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The relative error in the determination of the correlation interval is 


_ t == ty 

eee eS (13) 
where eg and ¢ are respectively the relative errors in the calculations of 
6 and Afeff. It is easy to show that eg and ef are approximately equal. 
Thus the relative error in the determination of the correlation interval on 
a limited spectrum range is considerably less than the error in determina- 
tion of the effective BW. One can make an approximation, that the error 
is equal to the square of the relative power in the remote part of the spec- 
trum. Therefore, if the calculation covers a spectrum range containing 
70-80% of the signal power, the error should not exceed 10%, 

One can see by the results, that it is possible to determine the cor- 
relation interval on a limited spectrum range to a satisfactory degree of 
accuracy. 

Now the obtained results will be used to calculate the correlation in- 
terval of speech signals. Figure 1 shows the experimentally formed energy 
spectrum of Russian speech signal. The spectrum intensity diminishes 
rapidly enough beyond the limits of the BW as shown in Figure 1. Then by 
graphical integration one finds Afefg ~ 0.9 ke. Consequently, the correla- 
tion interval for all cases has a value Ty) > 0.55 msec. Using relation (11) 
one can make this result more accurate and obtain tr) ~3.3 msec. 
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CONTINUOUS CORRELATION INTERVAL 
OF ARBITRARY NON-STATIONARY SIGNALS 


The continuous function of time correlation RT (t, T) in the general 
case is an odd function of 7. Therefore we have to differentiate between 
the following forms (Figure 2). 

1) To  (t) is the continuous correlation interval from the "right", 
Ging JO qe 20a 

2) Tp (t) is the continuous correlation interval from the "left" i.e., 
ioe as (Op 

3) continuous total correlation interval Ty (t) = T 1 (t) + Tp (t). 

The function Rp (t, T) in general does not belong to the class of func- 
tions, which have positive Fourier transform (for T), therefore a direct 
use of the results from the previous section is not permitted. 

In order to avoid these difficulties, we have to discuss the looping 
of a continuous correlation function 


R> (t,7) = § R(x) Rp (t,x +1) dx, (14) 
which is an odd function of T. The R_(t.0) 
Fourier transform for R(t, 7) in 


T will be 
O5(f, Y= (S, bP, (15) 


i.e., always positive. Thus, R'T 


(t, 7) taken as a function of T, for 


a fixed value of t has all the basic 1. —— T(t) —-+-— T(t) —44 
properties of a correlation function ~———--——T, (t) —— 
of quasi-stationary signals. 

The correlation interval of R'y Figure 2 


(t, T) is Toi(t) + TM2(t) = To(t), i-e., 
equal to the continuous total correla- 


tion interval of the signals. 
As an analogy to the preceding, the effective BW of the instantaneous 


power spectrum may be expressed as 
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Af.i(t)= NA \ IDF, OP aS, (16) 


where |®7(f, t) |,,9x is the maximum value of the square of the spectrum 
modulus. 

Then according to theorem 1 the following result holds. 

Theorem 2. The minimum value of the continuous total correlation 
interval of arbitrary non-stationary signals is inversely proportional to 
twice the value of the effective BW of the instantaneous power spectrum. 


1 
To (t) min ~ DAfert (D (17) 


and independent of the time spectrum structure. 

If the looped continuous function of time correlation R' 7 (t, T) is 
positive, then T9(t) = T9(t) min for a case when R'7(t, 7) is unsymmetrical 
with respect to the origin of the continuous total correlation interval i.e., 


Ry (4 i +1) —Rz(t Se )= 


=R;( aa wie cae =*], (18) 


where 0< TK tat) é 

It follows from this theorem that for a given t the continuous correla- 
tion interval from the "'left'' or from the ''right'' can have a conveniently 
small value. However, the minimum value of the continuous total correla- 
tion interval is limited by the magnitude of T)(t) min, and is determined by 
the effective BW of the instantaneous power spectrum. 

A relation similar to the one given in (11) also holds in the present 
case, 


£0 (6) = *0 (Amin 8 (0, )-+2' [Pelayo AP], (19) 


n=1 


|\®)(f, t) |? is the normalized square of the spectrum modulus of the instan- 


taneous power, and f)(t) = f ; 
T9(t) 

The arbitrary non-stationary signals have a possible maximum num- 
ber of uncorrelated elements in a case where their continuous correlation 
function satisfies the conditions of theorem 2. Particularly, this is the 
case, when 


Rz(t, 0), fOr x9 (t) < + < % (t) 
R, (t,t) = re 02 01 
r( ) 0 for other T. 


It is to be noted that theorem 2 establishes certain general properties 
of functions, which are related to the Fourier transform operations. There- 
fore it can be applied to the estimation of relations between the duration of 
a certain signal realization and the effective BW of its power spectrum. If 
we designate the duration of signals as Ty, the effective BW as Afeff BW; 


where Aferf Bw is interpreted in accordance with (16), then we have the 
following relation: 


it 
TyAfete BW 7 > (20) 


The above equation is especially convenient, because it contains not ~ 
just a certain "effective signal duration, but also the time duration. It 
follows immediately from (20) and from the second part of theorem 2, that 
a rectangular function of form (8) has optimum characteristics, since the 
product of (duration) X (effective BW of the power spectrum) reaches the 
lowest possible value, which is equal to 1/2. This means, that for a iden- 
tical durations, rectangular signals will have the smallest effective BW in 
comparison to other possible signals of finite duration, 


RELATION BETWEEN NUMBER OF MEASUREMENTS 
ON A MODEL WITH A LIMITED SPECTRUM AND 
DEGREES OF FREEDOM OF THE SIGNALS 


The basic applied results of modern information theory were obtained 
with the help of a signal model having a limited spectrum, as has already 
been suggested by V.A. Kotelnikov in 1933. This result has incorporated 
the bandwidth of the model spectrum F) (for example Shannon's equation 
[8] on channel capacity). 

As is known (see for example [1]), physical signals cannot have a 
spectrum which is equal to zero outside of a certain limited BW. There- 
fore, the number of measurements on a similar model N = 2TF) performed 
in time interval T, will be indeterminate, since there is no criterion by 
which to select Fj. Due to this fact, the applied results of information 
theory based on a model with a limited spectrum acquire a qualitative char- 
aGleims 

One can make a conclusion from the above, that the number of meas- 
urements N on a model with a limited spectrum executed in interval T, is 
equal to the degrees of freedom of quasi-stationary signals with a duration 
T, only in the case when 

: (21) 


Org ae 
2% 
Keeping (3), in mind the above condition can be rewritten in the form 
Fy < Afis (22) 


For Fy = 1/27, the theorems of Kotelnikov result in signals with a 
large error. However, in accordance with theorem V of my article [9], 
the fidelity will be 


je ™— 

Re f RQ) —"".. (23) 
Tt} d ia act 
T 

The magnitude of v, depends on the structure of the correlation func- 
tion of the signals. If R(7t) is determined in form (6), then the calculation 
by the equations of (23) resultin vp = 0.33. 

A.N. Kolmogorov [10] investigated the question of the relation of N 
to the parameters of real signals as applied to the particular case of sta- 
tionary processes, which behave in accordance with the normal law and 
have a spectrum close to the spectrum of ''white noises'' of limited band- 
width. We concluded that N is equivalent to the number of signal measure- 
ments for the case where the signals are generated with a "not too small'' 
error by a model with a limited spectrum. 

The above results show the conditions (Fy < Afefg) for which N can 
be equal to the degrees of freedom of any arbitrary quasi-stationary signals 


and equation (23) clarifies what the words "not too small" error of genera- 
tion mean. Using the apparatus of the author [9] and the data of the pre- 
ceding section, one could investigate the case of arbitrary non-stationary 
signals. 


CONC LUSION 


The obtained results solve the problem of the calculation of the time 
correlation interval for non-stationary signals on the basis of parameters 
of the power spectrum. It has importance from the practical viewpoint, 
since the calculation can be executed to any degree of desired accuracy on 
the basis of the experimentally found spectrum in a limited BW. This cir- 
cumstance lends a quantitative character to the results obtained through a 
signal theory using a model with a limited correlation interval [1]. The 
correlation interval is generally not found in many limiting relations of 
the theory (for example, as in the equations on the capacity of an informa- 
tion channel where different noises are present [6] )' and such noises are 
expressed by the effective BW, Afeff. 
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NEW METHODS FOR ESTIMATING 
DISTORTION IN MULTIPATH 
SIGNAL PROPAGATION 


V.A. Smirnov 


Two methods for estimating distortions occurring in multipath signal 
propagation are presented. These methods can be called energy methods 
since the distortions are estimated by the relative magnitude of the power 
of the distortion products. The difference between the two methods can be 
observed in the following ways. The power ratio of distortion products at 
the input of the receiver to the power in the useful signal at the input is 
determined in the first case, and the power ratio of the distortion products 
at the output of the receiver to the power of the useful information trans- 
mitted is determined in the second case. Both methods are applicable to 
any form of modulation and manipulation; hence, they can serve as means 
for the quantitative comparison of different communication systems. 


INTRODUCTION 


The effect of the multipath character of radio channels has been 
known for decades. Serious theoretical investigation of this effect has 
appeared, however, only during the past years. This can be explained by 
the fact that only recently has it been felt that further progress in short- 
wave and ultrashort-wave techniques can be possible only by overcoming 
the harmful effect of multipath character. Secondly, the methods of sta- 
tistical theory of communication have been developed only recently, and 
only these methods can shed light on the problem and give sufficiently 
rigorous treatment and estimation of the multipath effect. 

The known works on multipath effect usually bear a common character 
in a sense that most of them give an analysis related to just certain types 
of communication systems. For instance, there are a collection of works 
related to the analysis of transient noises due to the multipath effect in 
multichannel telephone radio-relay systems operating on frequency modula- 
tion [1, 2, 3, 4, 5]. The multipath effect in telegraph systems is discussed 
in works [6, 7, 8]. The distortion of a TV signal due to multipath effects 
is analyzed in [9] and other works. Some of these works have a qualitative 
character and do not present convenient equations for the quantitative anal- 
ysis of distortions. The works of V.I. Siforov [10, 11] relate, basically, 
to any form of communication system. They are written, however, ina 
general theoretical form. 

Our purpose is to present a uniform method, which is applicable to 
any communication system and able to serve as a practical tool in order to 
make a quantitative comparison of different systems. Such a method, first 
of all, can be the energy method, which estimates the distortions by the 


magnitude of the ratio of their energy to the energy of the useful signal or 
information. 

Two versions can be considered. In the first version, the ratio is 
taken at the input of the receiver; in the second, the ratio is analyzed at the 
output of the receiver. It is clear that the first version ignores the method 
of reception. Therefore one can say that this limits the potential usefulness 
ofthe chosen communication system. The main interest then will be concen- 
trated on the case of an ''ideal'’ receiver, since the ratios obtained under 
this condition are most convenient for a quantitative comparison of different 
communication systems. 


ESTIMATION OF DISTORTIONS AT INPUT OF RECEIVER 


The Spectrum of a Multipath Signal at Input of Receiver. If a single- 


path signal is incident on the input of a receiver, there is no distortion. 
The spectrum of the incident signal would be exactly the same as the spec- 
trum radiated by the transmitter. The effect of fluctuations and other indepen- 
dent noises are not considered here, since the corrective methods, neces- 
sary because of these distortions, are well known for a great many prac- 
tical cases. However, if a number of signals coming by different paths 
are incident at the input of a receiver, the spectrum of the received total 
signal differs from the spectrum radiated by the transmitting antenna. Let 
us find an expression of this spectrum for n paths. 

The total signal incident at the input of the receiver will be designated 
by 


fl) =A, Def (t+ —), (1) 


— 


where Ay is the amplitude of the ray with maximum intensity; kj = Aj/Am< 
< lis the ratio of the amplitude of the i-th ray to the maximum amplitude; 
Tj is the delay time for the i-th ray; f (t + 7j) is the function representing 
the deviation due to the modulation; we assume that 


—l<f(t+)<1. (2) 


The function f(t) is given. Therefore, its spectrum is known. The 
density of this spectrum is designated by G(w). 

Let us find an expression for the spectrum density Gx(w) of the func- 
tion f(t + 7)) given in (1). To accomplish this, first we have to find an 
expression for the correlation function of (1) which is KT). 


K, (*) = Ap yi K?K; (=) - At >: KKK, {t) = 
ay pet 


=AR [KU P42 YY wm Ky (a). (3) 
i t=) j=l41 
In this equation K(T) is the correlation function for f(t) and 
Ky) =f(t+yf(t+4+9=K (6 cfs % == %;): (4) 


F From this, one can find a final expression for K 3{T) which has the 
orm 


K.()=AL[ KO) YL G+2N Yau K (e+ 4 —1)). (5) 
=I i=1 j=i+1 
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Knowing K3(T), one can calculate the intensity of the power spectrum 
by equation 


o ae n 8 
G. (0) =2 f Ky(sye ds = AZ V 2-2 [ K(s)e" dt 


ad t=) — 0 


2A? Se 8 KK; 2 f K (= -+- +, — 1) e7' de. (6) 
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; However, the doubled integral in the first part of (6) can be recog- 
nized as the known intensity of the power spectrum due to f(t), i.e., G(w). 
In the integral of the second part of (6) we transform the variables, 
assuming that 


ps See i =) 


then it can easily be found that 
2 f K (2 + t,—+,) edt = G(w) ee (7) 
and for Gy(w) we find an expression in accordance with (6) 


G, () = A? G (w) iy Ki +2 y y KK; cos. (s;—+)]. (8) 


i=) i=1 j=i+1 
Rewriting expression (8) into another form by adding and subtracting 


Sa oeeS, x,K, to the expression in the brackets, we obtain 
i=1 j=i+1 


G4(0) = 43,0(0)[(Lai))—4 3 3S aay sine =P, @) 
=I i=1 j=il+1 
Expressions (8) and (9) give accurate values of the spectrum density. 
Estimation of Relative Magnitude of Distortions at Input of Receiver. 
Upon multiplying expression (9) by df and integrating between the 
limits of the actual BW of the signal, we obtain 


P, = PAD (SK; ik —2 Y DY «nj ([P—K—W) (10) 


i=1 =I j=—F- 1 


where P = K (0) equal to the average power due to f(t). 

If in equation (1) all Tj's are equal, i.e., the oscillations coming by 
different paths are in phase, then naturally, there are no distortions what- 
soever, and the power, due to the total number of oscillations, is given by 
the first member of (10). The second member of (10) differs from zero 
only in cases when even one of the n paths results in an oscillation which is 
out of phase with respect to the others. Consequently, this member may 
describe the magnitude of the power of the distortion products. 

Let us introduce the following designations: 


P; = A? (% K; ) P 
(EAI 
represents the useful power at the input of the receiver and 


i = 2A? si y KiKjP—K iG, = =,)) 


t—1 j=i+l 


represents the power distortion products due to the multipath effect. 


ll 


In order to estimate the distortion effect one can introduce a magni- 
tude which is equal to the ratio of these powers, i.e., 


Ls Z K(y—*) ] 
2> >) gy Esser J 
i=1 fale ; (11) 
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Since we know the function f (t) which represents the modulated signal 
at the output of the transmitter, we can find the correlation function K{ T) 
due to f(t), then sum up 7j for all Kj and 7j. 
Since 
as K (t;— ti) 


K (0) : 
then, the possible maximum relative magnitude of the distortion is equal 
to 

2S 2 uk; 


ix1 j=/i+1 
‘imax =——_—— - (12) 
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Below is given the correlation function for a few cases: 
Amplitude modulation (AM) 


Kay) == [1 + MF, + MPK,, (2)] cos 09 « (13) 


Phase modulation (PM) 


1 491K p,(0)—Kp,(+)] 
Koy (*) = ae cite Ful" COS Wot. (14) 
Frequency modulation (FM) 


— sw? 0)—K (t 
SNS Cos wy t, (15) 


Key (1) = > : 

In Equations (13) to (15) Fo = F(t) is the modulated information; Fo 
is the average value of the modulated information; KF (7) is the correlation 
function for F(t); wo is the angular frequency of the carrier; Kg(T) is the 
correlation function for s(t) = [ F(t) dt; Ag is the modulation index for PM;' 
Awy, is the maximum deviation of the angular frequency at FM. 

Case of Two Paths. It is frequently assumed in research reports 
that the received signal contains only two components each coming a differ- 
ent way (two-path signal). Substituting in this case for one of the rays 
k = 1, 7, = 0 and for the other ky =k, tT, = 7, which does not diminish the 
generality character we obtain from (9) and (11) 


G, (w) = A? [« + x)? — 4x sin? =| G (w); (16) 
2« [1 —K, /K (0)] 
wi talk Ceara Ce 


The maximum possible value of the distortion in this case is charac- 
terized by the quantity 
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: 2k 
“imax =o 


(+ xp (18) 


Substituting k = 1, we obtain from (18) 


1 
imax max ~>* (19) 
In the latter case the spectrum will have a form 
G, (w) = 4A”, G («) cos? oa E (20) 


Average value of nj. All the preceding formulas are derived for a 
fixed kj and 7j. However, in actual cases, these magnitudes change rel- 
atively slowly with respect to the HF oscillations of f(t). This permits 
us to perform the averaging in a stepwise manner. 

Hence, in the most general case 


2 y y KiKj be | 

= wre K(0 

= - 1=1 j=i+1 eg pah ’ (21) 
Sp 


i=1 


Taking the average can not involve complications, if the distribution 
laws of kj and tj are known. 

A particularly simple solution can be obtained, if we assume that all 
the parameters of kj and 7j are independent of each other and have equal 
probabilities. Then 


ae K (zt) 1 

=/1 ‘ E 

ur | K (0) et (22) 
3(a—1) 


Here K(T) is the mean value of the correlation function for all pos- 
sible values of 7. 

From (22) it follows that a change of n from 2 to o results ina 
change of the second factor in (22) from approximately 0.5 to 1. 

In the case when a number of paths are present, for instance in scat- 
tered propagation, in order to calculate nj one can use the relation 


oe ee 23 
1 =1— ee 
In order to obtain an approximate estimate in the latter case, one 
can assume that the noise spectrum due to the multipath effect, by its 
structure, is close to a smooth noise. Then in order to establish a rela- 
tion between the noise power due to the multipath effect and the power of 
the useful signal at the output of the receiver, one can use the known ex- 


pression 
(24) 


eo 


al 
ne 


0/2 


Ni 
P;’ 


where Ne is the noise power at the output of the receiver, Pe is the useful 
power of the information at the output of the receiver; B is the gain of the 
receiver calculated for the fluctuation noises by the known equations. 
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ESTIMATION OF DISTORTIONS AT OUTPUT OF RECEIVER 


Basic Features of Method. The receiving system (demodulation) 
must be important, since it determines the magnitude of the relative dis- 
tortion power due to the multipath effect. The importance is also reflected 
in the calculations of the fluctuation noises. Hence, it is advisable in our 
case to use an"ideal"' receiver in the manner of V.A. Kotelnikov's applica- 
tion [3] to the case of fluctuation noises. The Kotelnikov method, as it is 
known, is based on the finding of an information function at the output of 
the receiver, which function should ensure a minimum value for the inte- 
gral 


Tj2 
= | [x (t) — A, (O)? at. (25) 
+ 


= 2 


Under the integral sign, x(t) = A(i, Fo) + N(t), where A(t, Fo) is 
the useful signal at the input of the receiver modulated by the information 
Fy = Fo(t) and N(t) is the noise at the input of the receiver; Apf(t) =A(t, F) 
is formally expressed similarly to the useful signal at the input of the re- 
ceiver, with the only difference, being that it has been modulated by the 
information F = F(t) tapped off from the output of the receiver and thus 
also includes the noise. 

__V.A. Kotelnikov, by a formal-mathematical method, finds an infor- 
mation function which satisfies the minimum condition for the integral, but 
this is in a way different from the conditions set forth in (25). It is shown 
in my article [13] that in most practical cases, one can set the function 
under the integration sign equal to zero in order to obtain ideal reception, 
Leh, 


x (t) — A, (t) =0. (26) 


Keeping in mind this condition, it is easy to derive the equations for 
the noise magnitude at the output of the receiver as has been done by V.A. 
Kotelnikov [12] for the case of a relatively low noise at the input of the 
receiver. 

The use of expressions (25) or (26) as conditions for ideal reception 
with fluctuation noises as well as any other noises and distortions is correct 
from the theoretical viewpoint and convenient from the physical one. Keep- 
ing the above in mind, we will use conditions (26) in order to calculate the 
magnitude of distortions at the output of an ideal receiver, when the said 
distortions are caused by the multipath effect. 

Magnitude of Distortions in AM Systems. We will use relation (26) 
in order to calculate the possible minimum magnitude of distortions at the 
output of the receiver for multipath reception in the AM systems. In this 
case, if we neglect the fluctuation noises (it is permitted by theory) at the 
input of the receiver, we can write 

x()=A(t+ +, Fy) = Y x, (1 + MF,,) sin (wt + 8,) 

i=l 


(27) 


A, (0 = A(t + so Fo + AF) =(1 + MFy + MAF) sin (wt + 2) ¥ x, 
| 
where Fy = Fo(t + 7j) and the phase shift for each HF path is 5; = wri. 


Keeping im mind, that relation (26) is satisfied for any t, we 
easily find that 
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¥ x, (1 + MF) cos 8, = (1 -+ MF, + MAF) cos’, ¥} x, 


=1 

oe a (28) 
x *,(1-+ MF,,)siné,= (1 + MF,+ MAF)sin’, ¥° K, 

= f=1 


Squaring and combining both equations and eliminating 5) we obtain 
the following equation, expressing AF: 


E x, (1MF ceea(h 2 
V [Zee + MFy) sin %,| aR [IE tare) cos %,| 


ms a 
MS % 


1 


AF..= =I Fact | (29) 


One can make further simplifications of the above relation, assum- 
ing that 7; is sufficiently small in order to make Foi ~ Fy). This case is 
frequently found in practical ultrashort wave communication systems. 
Then we obtain by simple algebraic multiplication the following approxi- 
mate expression for AFay: 


n n 


OF ang x2 (Fo te a i=1 j=i+l / an) 


For very small values of 7; the following relation can be used: 


Y Dd ee 0 — 3? 
if 1 f=1 j=il+1 
AF ign ™ oo | Foat : (31) 


n 


(X Kj \ 


i=! 


Relations (30) and (31) seem to support the obvious fact that AF = 
= 0 when all kj's are equal to zero except one kj, or when the phases of all 
rays are similar (6; = j). 

The spectrum of AF can be calculated in the regular way. If all the 
kj's and 6;'s are constant in time, the spectrum of AF would coincide with 
the spectrum of Fp. 

Let us assume only two rays with parameters ky = 1, k,=k, 6, = 0, 
6, = 6; then from (30) we obtain 


2 in? — 
ise: 
; KS 2 


AF ay = (Fo + Mh +e 


One can see, that for a very small 5 = wr, the power of the distor- 
tion products will be proportional to ant 
Magnitude of Distortions in PM Systems. In this case 
A(t | t, Fo) =X x, sin [ot + AeFy (¢ + =) + 8) 
‘s (32) 
A(t, Fy; AF) = §} x,sin (of + AgFy + SAF) 


i=} 
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simplifying both equations as in the preceding case, we obtain 


= = 


n n ‘ 
cos (AgAF) Y x, = x, cos (Agé; + 8,) | 
: (33) 


| 


sin(AzAF) Y x, =¥ x, sin(Agt, + 8,) 
ist i=1 H 


& -y% 
NM xy sin (A¢6; + 3) 


i=! 


e eT 34 
» kK; Cos (\¢§; +%,) ) 
te) 

In the above equations Ag is the modulation index, and & = Fy (t +7j) - 
- F(t). 

For both ways we have 


\ 
From this it is easy to find that 4Fpy = < arc tg 
x, 


ees 
eed ereecerrorarar (35) 


1+ x cos (Ag + 3) 


The above expression is well known from an earlier publication [1]. 
However it is derived there by another method. 

Magnitude of Distortions in FM Systems. The expression AFrem 
for FM is easily found from (34), after differentiating with respect to time 
and inserting Aw in place of Ag, the first being the maximum frequency 
deviation. Then for simplification purposes using ¢j = Awméj + 5, we obtain 


n n n n 
ZX xjcosg L &, m4 cose, + Un, sing, & €, Ksin % 
= = = = 
AF ex, f=1 i=1 } 1 d (36) 


n n 
( x x, sin “1° + ( yy K, COS ¢ Ne 
i=1 i=1 


For two rays we obtain from (36) 


Ae ae K+ cos @ ; 37 
FM 1+ x2-++ 2x cos ¢ ( ) 


i.e., the same relation known from article [1] and other sources. 

The fact that the relations obtained for PM and FM are similar to 
those which have been derived by conventional methods is not at all sur- 
prizing, since it is known that the involved FM and PM reception methods 


may have their optimum character only if they are derived by the methods 
of Kotelnikov. 
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TRANSMISSION BANDWIDTH 
FOR RECEPTION OF SINGLE AND SCATTERED 
SIGNALS IN ULTRASHORT—WAVE 
TROPOSPHERIC PROPAGATION 


A.S. Nemirovskiy 


It is shown that the transmission BW (bandwidth) of a tropospheric 
radio relay link becomes sharply widened in cases where the regular dif- 
fracted component is incident at the receiving point in addition to the eee 
tered component, or when the reception of the scattered signals is per- 
formed by the method of linear combination before the FM detector. 


1B/ 


EFFECT OF THE DIFFRACTION COMPONENT ON BW 


As investigations have shown during the past few years, [1, 2, 3], in 
addition to the signal representing a great number of components which have 
been scattered by the irregularities of the dielectric of the troposphere, the 
regular signal which has been diffracted, will also be incident at the input 
of the receiver, in a long distance link using tropospheric ultrashort wave 
propagation. 

The ratio of the diffraction component to the RMS value of the scat- 
tered component depends on the parameters of the path and the signal fre- 
quency and changes between considerably great limits, oscillating from 
zero to a hundred. 

This article will investigate the effect of the diffraction component 
on the BW for cases when the above ratio is larger than two. 

It is known, that during the transmission of a signal in the form of 
u = Ucoswot, the signal incident at the point of reception in the presence of 
the regular component exhibits quasi-harmonic oscillations with an ampli- 
tude which follows the general distribution rule of Rayleigh [4]. 


au? + us 


ee a ee uulg 1 
p()= =e In(—')s (1) 


where 20? is the RMS value of the amplitude of the random component; 
I)(z) is the Bessel function of the imaginary argument; ug is the regular 
component of the incident signal. 

In cases where the regular component is not present, i.e., Uy = 0, 
then equation (1) takes the well-known form of the Rayleigh distribution. 

In cases where a wide band of frequencies is transmitted, the ampli- 
tude spectrum of the transmitted signal is distorted due to the fact that the 
phase relations for different frequencies will differ. These distortions 
will change with respect to time which means that the troposphere must 
have a sort of finite transmission BW. However this BW does not stay 
constant. 

As amore natural approach one can consider the estimation of the 
irregular frequency characteristics by taking the ratio of the signal ampli- 
tude in the middle of the frequency band to the signal amplitude at the edges. 
For a tropospheric radio-relay link one has to find the probability distri- 
bution law of the ratio of two random magnitudes which characterize the 
signal amplitude in the middle and at the edges of the BW for the given 
correlation magnitude between them, since we are given statistical magni- 
tudes in order to estimate the irregularities. In cases when the regular 
component is not present, the solution is according to reference [5]. 

The integral distribution of the particular for this case uses a form 


Pix <= K\= ; 1 ae Lenk E : (2) 
V(l+ KY2—4RK2 


where R is the correlation coefficient related to the BW by the following 
approximate expression 


n=R(afme ln 


vi) (3) 


Af) is the so-called correlation width 


Afp= +. (4) 
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In equation (4), p is the effective radius of the earth; c is the velocity 
of light; d is the distance between transmitter and receiver; @ is the angle 
of the directional pattern of the antenna for the half-power point. 

In actual cases, the regular component is usually also incident at the 
input of the receiver, in addition to the scattered component; therefore, one 
has to find the BW of the tropospheric link taking into account the presence 
of the regular component. 

However, it is nearly impossible to find a general form for the dis- 
tribution law of the ratio between two correlated random magnitudes & and 
€, if both of them have a generalized distribution according to Rayleigh (1). 


However, one can show [4], that even for s?2 = 2 4, the generalized 


u 
20 
Rayleigh distribution will approach the normal with a dispersion D = 202 
and mathematical expectation uy. Consequently, the distribution density 
for the probabilities in this case can be put in the form 


BA ail (u—u,)? 
20? 


p(u)=---—e * (5) 


Then the two-dimensional amplitude distribution of the signal in the 
middle and at the edges of the BW, when a correlation re is present, will 
have the following form: 


1 
p (ty te) = EN 


2202V 1-72 
pane 2) [(u, — uo)? — 27, (4, — Ug) (Uy — Ug) + (tt, — Uo)*h, (6) 
Ke ? 


x 


and the distribution function of the particular n = + 


E 0 
{ — ( | up (xu, u) du. (7) 


10) Se ) 


p(x) = 


Substituting the density value from (6) into equation (7), we obtain 


Bailar mers x 


[(uxe —u)? — 2r, (ux —Up) (4 — uy) + (u — Up)”] 


1 
mt (1-2) 
xe au. (8) 


The evaluation of integral (8) is given in the appendix. Finally we 
obtain 


1s tr yt glee x+1 
p(x)= (x2 — 2r.x + 1) ; Wort, (x2 — rox + 1)" 


ee 
ae 2 x2 x +1 o sf = x+1 : (9) 
Mo Fie Vr xt Or oath 
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where 


9 (e a (10) 


ii 
V 2&= , 


Q(z) = 


is the Kramp function. rh 
In order to find the irregularity of the frequency characteristics, one 
has to find the distribution law in integrated form 


K 
P{x<K}=\ p(x) dx. (11) 


One can show that for values up to re < 0.9 in equation (9) and for 
any x, the first part is considerably smaller than the second and can be 
neglected. 

Further, for all cases of interest of the irregularity of the frequency 
characteristics K, the Kramp function in equation (9) for s > 2 approaches 
1. Therefore if we substitute p(x) into equation (11) we will obtain 


(<— 3 


n 2 x*—2r x 
EEE AWM en Eee Ts (12) 
é a = (x?—2r-x +1) * 


-1)? ; : 
Transforming the variables y <p EaperreiF and integrating, we 


obtain for P {x < K} a simple expression 


PRC eA CA +0 (V2) (13) 


where re is the frequency correlation coefficient of the total signal ampli- 
tude which is related to the BW in accordance with [6] by the following 
approximate expression: 


re=R(df) = exp] "He Gea (14) 


Af) is determined by equation (4). 
From (14) also taking into account (4), we obtain 


s 


cp 2 
oI ec aal aia (15) 


Equations (13) and (15) give a solution to the problem of the trans- 
mission BW of a tropospheric radio-relay link in the presence of the regu- 
lar component, and equations (2) and (3) represent a solution for cases 
when the regular component is absent. 

Figure 1 shows the integral distribution functions for cases re = 0; 
re = 0.5, re = 0.9, for S = 2; and re = 0 for S = 5. The curves were con- 
structed in accordance with equation (13). For purposes of comparison, 
an integral distribution function is given for S = 0 and correlation function 
r,; = 0, and constructed in accordance with equation (2). It is to be noted, 
that the numerical integration of the distribution equation (9) is performed 


in order to check equation (13) and results practically in the same value as 
was calculated by equation (13). 
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One can see from Figure 1 that for a given irregularity K, the prob- 
ability increases with a lesser value of the ratio S of the regular compo- 
nent to the scattered one. If one keeps in mind that S* in equation (14) rep- 
resents the exponent in the determination of the BW, then its sharp rise 
in the absence of the regular component becomes obvious. 

Let us find for instance the transmission BW on a level of 0.7 for a 
link of 200 km, for a = 0.9° = 0.016 rad, with p to be taken as 8500 km. 

The transmission BW will exceed 670 kc for 90% of the time, in the 
absence of the regular component (S = 0). 

For S* = 4, the transmission BW will exceed 12.3 Mc for 90% of the 
time. 

In other words, the transmission BW will be below 670 ke and 12.3 
Mc, respectively, for 10% of the time. (It is important to note that the 
magnitude measured along the ordinate of Figure 1 during the calculations 
has to be multiplied by two in order to obtain percent values in time, since 
the probabilities for K < 0.7 and for K > 1/0.7 are equal and should be 
combined). 

It can be seen from the given example, that the presence of even a 
small magnitude of the regular component will sharply expand the ''trans- 
mission BW' of a tropospheric radio-relay link. 


EFFECT OF LINEAR COMBINATION OF SCATTERED SIGNALS 
ON BANDWIDTH 


Distributed reception is one of the most effective means to combat 
the rapid attenuation of a signal at the receiving point, the attenuation hav- 
ing been caused by the multipath effect. The best method of combining the 
scattered signals, according to our opinion, is their linear combination 
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before the detector [7], which is preceded by a preliminary alignment of 
the signals until they are in phase. 

It is natural, that by combining two or more independent signals, the 
irregularity of the random frequency characteristic of the path will dimin- 
ian 
< Let each of the received signals have an amplitude distribution fol- 
lowing the rule of Rayleigh. 1 

Then the sum N of the signals aligned in phase will no longer follow 
the Rayleigh distribution law and in order to determine the frequency char- 
acteristic for this case, one has to find the distribution rule for the random 
magnitude 7 which is defined by the following relation 


tote. oe Ne ( 
: = 


In equation (16) all £j's and éj's as well as (j's and qj's are uncor- 
related since the signals at the input of the spaced receivers must be in 
dependent in order to successfully overcome the rapid attenuation. 

From another viewpoint, each pair of (éj and ¢j) describing the mag- 
nitudes of the spectrum components in the middle and at the edges of the 
BW is a function with a correlation coefficient R, the latter being defined 
by equation (3). 

In accordance with the two-dimension center-limit theorem of the 
probability distribution, the resultant component of independent vectors 
(£4 $4); (£2 S9) ...(EN SN) which follow the same distribution law tends 
toward a duplex normal distribution of form (6) in accordance with the 
increase of the number of components N and independently from the dis- 
tribution law of the components. The magnitude R in this sort of distribu- 
tion is exactly equal to the correlation coefficient between the random mag- 
nitudes €; and ¢j;. Let us find the distribution law separately for each mag- 
nitude of the numerator and denominator of equation (16). 

N a 
f. =} E,andt, = NS,. 
i=} i=] 

The distribution function of the sum of N one-dimensional random 

magnitudes for a finite N has the form as in [4] 


(a — Chale 


1 2.ND, 
c 


p (u) = — ae ‘ey (u), (17) 

V 2=ND; : 
where aj is the mathematical expectation; Dj is the distribution dispersion 
of the random magnitude £;; ey(u) is the correction for the normal law, 
approaching zero for No. 


Reference [4] gives an exact expression for the distribution function 
of the sum of independent random magnitudes 


All the following derivations will hold more rigorously in the case of 
the generalized Rayleigh distribution, since the generalized Rayleigh distribu- 
tion willbe closer to the normal one than a simple Rayleigh distribution. 
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» a i ee a pe ag 9p eae ALT (18) 
ae 4 = Es eG a ae ’ 
24.N ( No; ) 72.N ( VND; )| 
where k is the asymmetry coefficient equal to 0.63 in accordance with the 


law of Rayleigh; y is the excess coefficient equal to 0.3 and Hm (z) is the 
Hermite polynomial of the m-th degree 


Haile der le taal ae | uo) 


For quadruple reception (N = 4), the distribution function will have 
the form 


(u— 4a,)? 
she - \ ne 2 
ee te, 6 |,0.96. = 0.157 S| “ 0084 S| = 
2V 2= D; 2V D, 2V D 
— 0.05 Tal — 0,02 (ye ) +0.0014 ei (20) 
2V D 2V D; 2V Di 


One can see from equation (20) that the distribution of four Rayleigh 
components is already close to the normal (especially for positive values 
of u). Consequently, the correction given in (17) can be neglected. The 
closeness to the normal law, even in case of two components, is sufficient 
for approximate calculations. 

Substituting into equation (17) the values of the mathematical expecta- 


tion of the Rayleigh law aj = o/E and it dispersion Dj = 3 a a 


for the sum of N random magnitudes, neglecting the correction, 


a2, we obtain 


1 2 No® 
p(y= = e 


4—7n 
2 x No2 
Vy t No 9 


The distribution of the denominator of equation (16) approaches the 
normal, similarly to the distribution of the numerator. Then, in order to 
find the irregularity of the frequency characteristic, one has to find the 
distribution of the particular between two random magnitudes, each of 


which has a normal distribution with parameters a, =Na;—Ns es and 


(21) 


2 = No? i ; this problem has been solved in Part 1 of this article [see 
equation (13) ]. 

Substituting into equation (13) the values of ay and 05, we obtain the 
following expression for the integral distribution: 


5 (ea eax 
P(x<Xj=+[o(,/ =n \-o / De coe 
2 4—n 4 Se PD BRE ley 
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where ®is the Kramp function. 
As an example, for N = 4 we have 


ered 9 es oe a (23) 
eS OLE * | eer | 


hence, ®@(3.8) = 0.99986. : 
Figure 2 shows a few integral curves which were constructed in ; 
accordance with equation (23), i.e., for the case of a quadruple reception 
and a frequency correlation coefficient of the signal amplitude R * 0; 0.5 
and 0.9. For comparative purposes curves are given for undistributed 
reception and constructed according to equation (2) and for R = 0, 0.9 and 
0.99. If for example, one compares quadruple reception with simple re- 
ception for the same values of R= 0.9 (i.e., for the same BW), one can 
see that the irregularity below 0.7 for N = 1 stays for 25% of the time, 
and for N = 4 for 1.6% of the time.2 
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Figure 2 


In conclusion we present curves of the % time exceeding the average 
irregularity which equals 0.7, as a function of the transmission BW of the 
troposphere for a path length of 300 km and a width of the directional pat- 
tern of the antenna a = 0.9, at the half-power point, for cases of single 
and quadruple reception (Figure 3) calculated in accordance with equations 
(2), (3) and (23). The effective radius of the earth is taken to be 8500 
km. 

Let us solve a numerical example to demonstrate how the transmis- 
sion BW is found from the curves of Figure 3. 


The BW of the troposphere which is equal to 1 Mc on a level of 0.7 


’The ordinates P should be multiplied by two as before. 
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will be disturbed during 35% of the 
time for single reception and only 
during 7% of the time for quadruple 
reception. A 7% time disturbance 
for a single reception will occur 
only in the BW of 230 kc. 

The above statements lead to 
the following conclusion: distributed 
reception using a linear combination 
of the signals before detection will 
considerably decrease the irregu- 
larity of the frequency characteristic 
of the troposphere. Consequently it 
permits a transmission over a much 
wider BW along the tropospheric 
lines, at the same time increasing 
the stability of the operation. 

The author wishes to express his gratitude to S.V. Borodich for his 
critical comments during the work on the present article. 
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APPENDIX 


Derivation of the equation for the distribution function of the partic- 
ular between two correlated random magnitudes, each of which follows the 
normal distribution law and with parameters a; = ay = a and D, = D,= D. 

The distribution function of the particular has the form 
ee {(2x—a*) —2r (zx—a) (z—a) + (z—a)?} 

e 2D(1 — r) 


dz) (ATS 


2 
roll 
0 4 Qn D 1—r?2 
where r is the correlation coefficient. 
Transforming the factor in the exponent and removing the square root 
expression from under the integral sign, we obtain the following integral: 


— 2 em) 
P(x)= soy [f — i] ze dz, 
where 
x2—2rx+1 _ a(l—r)(% +1) 
iow Di—r Seater l- 
1 fates ie a2 (Ur) (xt 1)? 
~ DA —r’) x2—2rx+1 (x? — 2rx +1)? 
FX) = c 
22D V1—r? 
Changing the variables n(z-m) = y and keeping in mind that 
co oo _- By 0 59,92, 
[fT ]-[2 f+J—f]a2f. since fe tay= je tay” 
—mn —o2 —mn 0 —o —mn 0 — 
we obtain 
Res e (x —1)! , 
Vi-r _# ee ee eee ons 
P= 2 Ore +1) e es ie (Gas tre aly 
— 1 
o |—— Vj? ft (A2) 
V D Lr V x2 —2rx Orx +1 1 
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For a = 0, the derived law becomes the well-known law of Cauchy, 
resulting in the distribution of the ratio between two normal random mag- 
nitudes with zero mean values. 
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ON THE THEORY 
OF SELECTIVE RC—AMPLIFIERS 
USING SEMICONDUCTOR TRIODES 


Yu. G. Timchenko and A.P. Arapenkov 


Two circuits of selective semiconductor triode RC amplifiers having 
a double T bridge network in the feedback loop are investigated. Sufficiently 
precise equations are derived for the calculations of such amplifiers. The 
analytical results are checked experimentally. 


INTRODUCTION 


Special attention has been paid in recent times to questions involving 
the design of selective RC amplifiers using vacuum tubes and having twin 
T bridge networks in the feedback loop [1, 2]. However, the design pecu- 
larities of such amplifiers using semiconductor triodes is not sufficiently 
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discussed in the literature. The purpose of the following article is to pre- 
sent some suggestions concerning the design of selective RC amplifiers 
using semiconductor triodes. Particularly, the question of optimum qual- 
itative characteristics of selective semiconductor triode RC amplifiers is 
solved on the basis of a regorous analysis. Nodal analysis of a 7 equiva- 
lent circuit [3] and the external Y parameters of a semiconductor triode 
are used in the analysis. It is suggested that one neglect the more complex 
forms of the equivalent parameters over the operating regions. 

Two circuit forms for selective RC amplifiers are investigated since 
these amplifiers have special features depending upon the method of con- 
nection of a twin T bridge network into the feedback loop [1]. The connec- 
tion of a twin T bridge network into the feedback loop as is suggested in 
article [1] will be defined as series parallel: the bridge is connected in 
series with the input source and in parallel with the amplifier across the 
same source. 


PARALLEL CONNECTION OF THE TWIN T BRIDGE NETWORK 


An amplifier, which has a twin T bridge in its feedback loop, must 
have in general a gain |K| > 1 and ensure a phase shift of the input signal 
by 180°. These requirements can be met in the simplest case of a semi- 
conductor triode amplifier circuit by using a common emitter. 

As an example, we will consider the simplest circuit of a selective 
semiconductor triode amplifier with a twin T bridge in its feedback loop 
(Figure la). Neglecting the reactance of the coupling capacitor Cy for the 
frequencies of interest, as well as reflecting admittance Yp into the input 
admittance of the triode, we obtain a simplified circuit for the ac compon- 
ents of the current and voltage (Figure 1b). 


Figure 1 


Considering the semiconductor triode as a three-terminal network 
with terminals: base (B), emitter (E), collector (C), we can write the 
equivalent admittance of the triode as Ybe, Yce, Ybc [4] and gm, where 
Zm is the current conductance of the collector with respect to the base 
voltage. Neglecting the internal feedback admittance Ybe of the semicon- 
ductor triode in comparison with the external feedback impedances and 


designating Yet Yet > = Nw 
Yoe + Y= Your 
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then in accordance with the nodes of the simplified model (Figure 1b) we 
can set up the admittance matrix of the circuit in canonical coordinate sys- 


tem [4]: 
3 4 

[Y]= 
a 


where p = iw. 
The circuit properties can be characterized by the return difference 
F, which is determined by the following relation [5]. 


eure (2) 


where Kg is the gain of the circuit with feedback; K’ is the gain of the cir- 
cuit without feedback; Ais the circuit determinant; A° is the same deter- 
minant calculated under the assumption that gy = 0. 

By evaluating the determinants A and A’ of the matrix (1), substituting 
them into equation (2), and making a few single transformations, we obtain 


Ke _ 1 


asta Sm(1—x*) ’ ) 
jxAy — x*Ay + Ay 
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Figure 2 


Ai =4(Yin + Your + 5 + ¥), 
A, = 4Y + Yin + Your 
Ay= Yin + Your + “atoat®, 
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Equation (3) represents the frequency characteristic of the circuit. 
In order to obtain a maximum Q for the amplifier it is necessary to satisfy 
the conditions for symmetry of the frequency characteristic F with respect 
to the axis x = 1 [2], i.e., it is important to satisfy the following equation: 


Kf K 
(RM, = ML ey 
x 


As follows from (3), this will be possible for Ay = A, which will re- 


sult in 
| f YinY 
Was = ees is (5) 


The Q of the amplifier will be determined in the usual way, following 
(3), and satisfying the conditions set forth in (4); at the same time we can 
neglect the expression in the numerator under the square root 


24% +YVin+Your)  (4¥ +¥in +¥oury . ; i i 
7 ae aca seres in comparison with unity. 


Then 


23 2 
8+ 2A2gm— A> om g 
C— V me = m (6) 
1 


A ‘he Yin, 
4 (Yin Vso ee eae +r) 


Satisfying the conditions set forth in (4) the modulus of expression 
(8) which represents the frequency characteristic of the circuit, is deter- 
mined as 


Kg 1 
Tra , (7) 
K l+e 
where 
2 (24 +1) 
ld ee ele 


eae Goality 
The validity of expression (7) was checked experimentally. A selec- 
tive amplifier with a circuit as shown on Figure la, using a transistor 
P13A and having parameters Ype = 1/3!° * mhos, Yce = 1/50!” * mhos, 
Ype = 1/0.55!9° mhos, gy = 33 ma/v and Yin = 1/2.5!° 8 mhos, Youyt = 


= 1/4.619° 3 mhos, Y = 1/4.8!9 ? mhos, C = 0.415 uf, will have frequency 
characteristic according to equation (7) (dotted line on Figure 2). The 
solid line represents the experimental curve. 


SERIES - PARALLEL CONNECTION OF THE TWIN T BRIDGE 


The circuit of the simplest amplifier having a series-parallel con- 
nection of the twin T bridge is shown in Figure 3a. 

Reflecting admittance Yp into the input admittance of the semicon- 
ductor triode Ype, we arrive at a simplified model for the ac current and 
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voltages (Figure 3b). If we neglect the internal feedback admittance of the 
semiconductor triode Ype in comparison to the external feedback admit- 


tances and define 
Yyue+ Yo= Vin 


Fog el lone 


then in accordance with the modes of Figure 3b we can set up the admittance 
matrix of the circuit as follows: 


1 2 3 4 5 


rit ar 4a90 a frrtorsmec] 0 | =a | = po | ae | Ii 


aa 


Figure 3 


First of all we determine the effect of the circuit elements on the 
resonance frequency of the amplifier wo. Then applying the relation A(p) = 
= 0 to the matrix (8) we arrive at the characteristic equation of the system 


Bop* -+ Bp +- By =0, (9) 
where 


By=C*[¥ Vin + Your-+ 4¥ ten) + 4Y (Yin + Your +8m)), 


a 2; 
rave {Fis Voie SWS) Yt. Ya 
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( VENA 
Yoar-€ = )| ; 
=/Y,¥2(y¥. + y 7inY 
By 8 (Fir F Your + = out Sin nap 


Considering the selective amplifier as an oscillating system, we 
determine the resonance frequency [6] as 


Bo 
Bo” 
We can neglect the magnitudes 2Yin Yout/Y in By and 4Y in By in com- 
parison with gy, + Yin + Yoyt. This will become obvious if we substitute 
the actual triode parameters and keep in mind that Y is usually taken not 
greater than (1 to 0.5) X 10-2 mhos. Then after simplifications we obtain 


aa (10) 


Y 
ae (11) 
ipa 
Yg 


In order to estimate the properties of the circuit we define the voltage 
transfer ratio [4] as 
Yo A 
[eS e (12) 
A 
where Ais the circuit determinant and Aj; is its cofactor. 
Evaluating A and A;; and substituting into equation (12) we obtain 
B 
Kx - 


Bop? 4- Byp + Bo i a) 


where B = 4CYYg (Yip + Y + jwC— gy); Bo, By and By are the coefficients 
of the characteristic equation (9). 

From (13) on the basis of (10) and (11) we determine the circuit 
gain at the resonance frequency; at the same time we note that magnitudes 
Yin + Y + jwC in B can be neglected for frequencies somewhat above w. 
Then 


&g 
greener ee ae | ess ist Le Te os eT gS) 
= B, Yin Yout 6 


in Vout 
Yer Vine Your +" 5, + 7, (Yin Youth yo + om 


On the basis of (13) and (14) taking into account (10) and (11) we 
find the feedback return difference as 


phe ot Sa AE ele 9) het en (15) 


Ky Bope (eet ) 
i + 
By wo \ w wo 


From this the Q of the RC amplifier is determined in the usual way 

= ee (16) 
B,W9 

If we neglect magnitudes Yin + Yout + 2Yin + Yout/Y¥ in expression By 

in comparison to gm, after simplifying expression (6) and taking into ac- 

count (14), the Q is determined in the following way: 
_ Ky 4Y (17) 
coal amr gt ¥e 
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As can be seen, in order to obtain a maximum Q, it is necessary to 
ensure a maximum K, by selecting optimum values TOLER we consider 
Y as the argument of the function Ky, then maximizing expression (14) we 
find 


a = SS ntout a (18) 
2(1 Yin + Yout aa) 
A ac: “A ralse 


Y= 


The frequency characteristic of the circuit as defined by the modulus 
of expression (15), taking into account (16), has a form 


Kd eel 1 
Ko ay 


where x = w/w. 


Figure 4 


In Figure 4 the dotted line represents the frequency characteristic of 
the selective amplifier as calculated by (19) the solid line represents the 
response obtained experimentally. The circuit was wired according to 
Figure 3a using a semiconductor triode P13A having parameters: Ybe = 


= 1/3103 mhos, Yee = 1/50! ? mhos, Ype = 1/0.55!9 § mhos, gm = 33 
ma/v and Yg = 1/0.511°* mhos, Yip = 1/2.5!% 3 mhos, Yoyt = 1/4.610§ 


mhos, Y= 1/20.5!9° mhos and C = 0.25 uf. 

It must be noted that if into all the equations above we should set 
1/Yg = 0, we would obtain the results given in (1), taking into account the 
relation between the latter parameters of the semiconductor triode and 
those of a vacuum tube. 


CONCLUSIONS 


1. One is able to perform sufficiently rigorous calculations for a 
selective RC semiconductor amplifier using the obtained analytical expres- 
sions. 


2. Analyzing expressions (6) and (7) and considering the actual 
parameters of semiconductor triodes, we arrive at a conclusion, that the 
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maximum value of Q for both investigated circuits does not exceed a value 
of from 8 to 11. 

3. In cases where the RC selective amplifier comprises more than 
two triodes, which is sometimes necessary in order to obtain a high Q, it 
is advisable to use the following arrangement: the parameters of this 
amplifier without feedback should be reduced to the equivalent input and 
output admittances and to the equivalent transconductance and then the 
calculations should be performed according to the above equations. 

4. Since a 7 equivalent circuit and external Y parameters were 
chosen for the calculations of the semiconductor triodes, the obtained 
results are also entirely applicable to circuits using vacuum tubes. 

For the electron tubes the following substitutions should be made: 


Ybc = Yop ine = Yo I ee = Yo» &m, transistor = §m, tube 
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ANALYSIS AND CALCULATION 
OF A SEMICONDUCTOR JUNCTION TRIODE 


OSCILLATOR IN THE UNSATURATED REGION 


L.D. Zarkhi 


Equations are obtained for the calculation of the amplitude and fre- 
quency of the steady-state oscillations of an oscillator using a semiconduc- 
tor junction triode operating in its unsaturated region. 

The method of the analysis of an oscillator using a semiconductor 
triode (SCT) depends upon the region in which it operates. In contrast to 
the saturated region for which the input and output voltages of a SCT sharply 
differ from the sinusoidal form [1, 2], in the unsaturated region the input 
and output voltages of the SCT are close to sinusoidal. Therefore, for 
calculations of a SCT oscillator in the unsaturated region it is advantageous 
to use a quasi-linear method. The SCT in this case should be represented 
by its average parameters, the magnitude of which depend upon the signal 
amplitude. Reference [3] presents an analysis of the average parameters 
of a SCT and analytical equations are given for the approximate relation 
between the parameters and the signal level, as well as the supply voltages. 
These analatical equations will be used in the present article in order to 
calculate the steady-state values of amplitude and frequency of the oscillay 
tions of the SCT oscillator. 

For the analysis of the operation of a SCT oscillator it is suggested 
that an automatic bias resistor be included in the circuit of the de compon- 
ent of the emitter current, which results in an increase in the input imped- 
ance of the SCT under de conditions. Thus, the de component of the emitter 
current is determined usually by the voltage of the emitter battery and the 
value of the automatic bias resistor, said emitter current being constant 
during steady-state operation. 

In order to ensure the unsaturated operation of the oscillator it is 
necessary to insert special automatic biasing circuits (for the given case 
this impedance will be in the emitter supply circuit). The presence of the 
automatic biasing affects the operation of the oscillator in two ways: first, 
it causes the operating point to shift in case of increasing oscillations and 
thus limit the amplitude of these oscillations. Secondly, the insertion of an 
additional phase shift in the feedback loop. In order to account for this, in 
the circuit of the oscillator under question, a resistance resulting in the 
same phase shift as caused by the automatic biasing circuit is inserted into 
the outer emitter-base region in series with a reactive impedance. 

During the calculations of the oscillator certain assumptions are made, 
which limit the field of application of the obtained results. First of all, 
these limitations are the results of the fact that the considered equations 
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describing the relation between the average parameters of the SCT and the 
signal level as well as the supply voltages, hold only for frequencies not 
exceeding the cut off frequency of the SCT. 

Another assumption is made in the present article, which is that the 
triode parameter gm = Iloud (ce) /Ee is taken as a real magnitude, since 
its phase angle is significantly less than the phase angle of the a param- 
eter, as is proven by measurements. Measurements show that the error 
due to the use of the above-derived equations at frequencies of up to 0.5 
feut off does not exceed 3-4% in amplitude calculations, and 0.1 to 0.2% 
in frequency calculations. By increasing the frequency tothe critical value, 
the error in the amplitude calculations increases to 5 to 7%. 

Another assumption is made in the present article, which is that the 
amplitude of the ac voltage at the output of the triode does not exceed 0.6 
to 0.7 (where Eg is the collector biasing voltage). While changing Eout 
from zero to the value above, in large steps, the collector junction capac- 
itance of the SCT will depend very little upon the signal level; thus it can 
be taken as constant. A limitation of the output voltage level is not burden- 
some. 

In order to prevent a possible change of the oscillator from the un- 
saturated region into its saturated one, which usually is accompanied by 
sharp changes in frequency, the ac collector voltage should not exceed 
0.6 to 0.7 Ee. 

Calculations of the steady-state amplitude and frequency values is 
performed by the trial and error method [4]. 


BASIC RELATIONS 


Figure 1 shows a generalized feedback oscillator circuit, the design 
of which is performed by quasi-linear theory. Here Z,, Zo, Z3 are imped- 
ances in the outside circuit; gy, is the nonlinear element (in the given 
case a SCT). 

In order to calculate the amplitudes and the first frequency correc- 
tions of the steady oscillations to a first approximation, one has to make 
use of Zore's equation [4]. For the SCT oscillator it has the form 


Beare a tee || tka area 


Sm 


Ty, 


where e is the small-signal parameter; Ajk is the minor of the system 
determinant for the k-th row and i-th column; A' is the determinant which 
is obtained from the system determinant by eliminating the first and third 
rows and columns; « is the first frequency correction. 

In order to express the currents Ig and Ip as well as Eoyt from equa- 
tion (1), one can make use of the following equations which hold for the 
circuit in Figure 1: 


Four = /p[2Z. —( — 2) 2.) —h (4 + Z,) (1 —2) 


Bou = ty [20 +R, — 2] —4 [u—9) — $2] 2) 


A simultaneous solution of uae (1) and (2), considering the 
et Sie ier Rohs 
relations of [3], results in wT = w Ret Rh const (independent of the 
signal level) 
Rp ! 2 
= (0,1 — a d {———— I 
for f= (0.11) Sep “p> <1 an ( ee ) « 
Sine Se 
Ze (1 — 2) 

where gy, is a real magnitude, Ze ~1/jwCe, 

| Z=1tiX, 2=1 FIX, Z3=7434 X;3 


(the upper sign holds for inductive feedback, the lower one for capacitive 
feedback; we will continue to use this designation) 


ath 


2 
nt+ntn=7 X,=p, —=Q@ H=Rz; =K, 
I ig r x, 


neglecting the magnitudes 2(1 + K) =. and 2pQu7 SL in comparison with 


unity, the following amplitude balance equations may be obtained for the 
oscillator: 


l+k ot n(l+« 
RR A ys eA, ) + ro(1— x) —r3(1 +x) 
Soy eee at eek pe Pi 3 ; 
1 + ppwOe (3) 


The first frequency correction from the above equation has the form 


et ee Te Re el aay ME 
afer. 79 ml73 OO aR as J 
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Equations (3) and (4) are derived from the generalized oscillator 


circuit; theref i i 
a . erefore, they hold for any type of SCT oscillator employing feed- 
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AMPLITUDE OF STEADY-STATE OSCILLATIONS 


In order to determine the amplitude of the steady-state oscillations, 
one has to clarify the relation between the parameters of the SCT, as they 
are in equation (3), and the signal level, as well as the supply conditions. 
While investigating the hybrid parameters of a 7 equivalent model of the 
SCT [3], the following relations are obtained: 


1 
Tap Fale) SE ho 
Ce = 2 f2 (x) i leg 5b; (5) 
Dg’ ¢ =a, Sle 
&m~ Ce (app | 
where 
— A q 
I: (x) Ip (x) » a ae iP in’ 


I; and Ip are Bessel functions of zero-th and first order due to the imaginary 
argument; n = 1.54; q/X T = 39 1/v for T = 300°: a and b are the real and 
imaginary components of the current gain. 

In deriving equation (3), the resistance Rp of the emitter-collector 
region of the SCT has been reflected into the external circuit; therefore it 
is obvious that it will not enter the equation. 

If the real component of the external impedance Z; is equal to zero 
and Rp > X,, then 

x prp2 | 
Rp Ral +x)? 
1 1 1 4 1 1 pe 


PRe ppt i Roit+n?’ pQ  pQ® | Rp(t+e) 


where Rg. and Q* are the equivalent impedance and the Q of the circuit 
external to the SCT. (Only these values of Q and the equivalent circuit 
impedance will be used in later equations; therefore the asterisk will be 


dropped.) 
Considering that for frequencies below the cutoff value the following 


inequality holds 


» ee Se cr pl sel aa EN 
Gaal pe” pe geaeetehs 


and substituting (5) and (6) into (3) and making some transformations we 
obtain 


62 A 0.0128 1+k 
— ae ~——-4 eT Tat) 7 
fale) B apt K+ = leo MPRe ”) 


The function f,(x) for Ejy close to zero approach 0.5; therefore the 
condition for self excitation of the oscillator is in the form of 


62 lh oA |> 0.0256 1+k (8) 
G@ S64 wh RAGA Boinin 2 MPeReP 


Where Igy min is the threshold value of the constant component of the 
emitter current for which oscillation will start. Equation (8) represents 
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a relation between Ie) min and the circuit parameters as well as the small- 


signal parameters of the SCT. 
a A simultaneous solution of equations (7) and (8) results in 


b A 
; (i—ayz?+b2 «K(l+nx) _— —_/eomin 
2 fax) b2 A Teo 
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or designating 
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Equation (9) defines the amplitude of the oscillations. 


frequency 
standard 


Figure 2 


The relation between B and Igy was determined experimentally. The 
amplitudes and frequency of oscillations were measured with the help of the 
double-beat method using a frequency standard. The measurements were 
done in relatively short intervals of time, which permitted one to neglect 
any instability of the circuit parameters and the supply voltages. 

The results of the measurements of the oscillation amplitudes are 
given in Figures 3, 4, 5 and 6. The figures show the relation between the 
input voltage of the triode and the ratio Ie /Iey min for different values of 
Roe, as well as k and p of the circuit for triodes P6G and P1A. Similar 
curves were obtained also for triode P402. The same figures also show 
the curves as calculated by equations (9) for B = 1 (f, is a tabulated func- 
tion and its relation to Ejy is given in Figure 7). The analytical and experi- 
mental values for triodes P6G and P402 at 106 and 196 ke agree within the 
limits of only 2-3%. The relation between Ejn and Iep /Iep min Of the oscil- 
lator using triode P1A is given in Figures 5 and 6. They show that the 
deviation of the experimental and theoretical curves at 106 ke (which is 
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Figure 4 


about the cutoff value) does not exceed 5-7%, and at 198 ke the error in- 


creases to 10-15%. 


The above-mentioned experimental and theoretical results prove that 


parameter B is equal to unity for frequencies below cutoff with an error 


of 5-7% and the amplitude balance conditions have the following convenient 


form: 
2 f. (x) = leomin leo 
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(9’) 


1-Ig9 min=63.5 Hamp  R@=5.93kohm 

WEP | | fe-teomin=35.5 wamp Ra=9.62kohm 

ge (sel coh SL 3-Ieomin=21.5 Hamp Rg@=l4.5kohm 
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1 Roe =5.4kohm K=0.1 
is = K=0.1 
2-leomin=82 Hamp Rg =8.3kohm 
3-leomin=4-8Hamp Rg =ll.5kohm K=0.1 
4-Ieomin=10 amp Re =27.1 kohm K=0.1 
5 Roe =27.1kohm K=0, 01 


The physical thought behind equation (9') becomes clear after simul- 
taneous solution of this equation and equation (5). The solution results in 
expressions representing the average parameters of the SCT. uCa. Rp and 
Sm- These expressions do not incorporate the current and the function f, 
(x) which defines the relation between the parameters and the signal level. 
The average parameters a and b (the real and reactive components of the 
current gain @) for values of Ejn exceeding 40-50 mv are practically con- 
stant. Consequently, after a change in the signal amplitude caused by a 
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change in current Ig9, the average parameters of the SCT practically do 
not change. In other words, equation (9') proves that the amplitude of 

the oscillations of a SCT oscillator in its unsaturated region for changes in 
current Ig) undergoes changes such that the triode parameters Ce, Rp and 
Sm remain constant. 

Equation (9') does not incorporate the relation between the amplitude 
of oscillations and the collector voltage Ec. This relation is very weakly 
observable in the investigated region. The relation between Ejn and Ee is 
illustrated in Figure 8. 

The obtained results show that the average parameters of a SCT, and 
consequently its phase relations, asa 
steady-state oscillator, are indepen- 
dent of the amplitude of oscillations. 


Figure 7 Figure 8 


Knowing the steady-state value of the amplitude of the input voltage 
of the triode, it is easy to find the output voltage Eoyt of the oscillator by 
making use of the following approximation method. Since our calculation 
assumes the presence of a large autobiasing impedance in the quiescent 
current path of the emitter, and assumes that the current Ie, does not 
reach large values, one can consider the emitter current as being cosinu- 
soidal with a cutoff angle not exceeding 100-110° (this suggestion is in good 
agreement with the experimental data). 

Writing the nodal equations for the circuit of Figure 1, we obtain 


KEout =(1 + K) Ein +h12Zs, 


where Ie; is the amplitude of the first harmonic of the emitter current. 
Assuming that the emitter current is cosinusoidal, we find 


ley =ho%, 
where 
y= (9). 
By changing 9 from 60° to 110°, y will change between the limits of 
1.8to 1.4. For approximate calculations one can assume y= 1.6. Then 
KEout © (1+ 4) Ein + 1,6 Jeo Z3. 


The latter equation permits us to calculate the possible values of leg 
for which the oscillator will remain in its unsaturated region, since the 
relation between Ejy and Iep is known. In order to give a qualitative analy- 
sis of the question, we will approximate the relation EjnV . leo /lep min by 


a straight line (Figures 3-6) 
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k 
E,,~ O+D—. 


Jeg min 


As follows from (8), Iegmin is inversely proportional to the magni- 
tude kRg,; consequently, 


KE ou, = (1 +4) O + (1 +k) DkokRe + Z;3 ko, 


where O and D are constant magnitudes. 

The latter equation shows that the voltage Eout is less for a given loe 
(i.e., the operation is in the least saturated region), the less is the value 
of Rg and the greater is the value of k. Thus, in order to widen the un- 
saturated region one has either to decrease the Rg of the circuit, or in- 
crease the feedback coefficient k. A change in Roe has a greater effect on 
the operation of the oscillator than a change ink. 


FREQUENCY OF OSCILLATIONS 


The independence of the phase relations of the oscillator from the 
amplitude of the steady-state oscillations permits us to determine the fre- 
quency of oscillations without considering changes in amplitude. 

A simultaneous solution of equations (4), (5) and (9') results in an 
expression for the first frequency correction of the oscillations in a form 


@ 1 1 q_ _Pppa 
ooo Gf = =a Se ee ee SS Or [eat eomin—— aes) = 
© 5 ! ane ~~ bomis pQ *T (1+) 
6 a 
+ oC, [o: Fae te Lo a a leo min pox] a5 
sie pe nay cy 
ats leomin> (@—a)+R [r3(1 + «) + Kral + hoo min 7 K°b l+Kx \. (10) 


This equation does not incorporate in itself the parameters of the 
SCT which are functions of the signal level. However, parameters T and 
Ce depend upon the de current operation, and as is proven by our investi- 
gation, they are determined by the following relations: 


oc = m+ f Ro; C..~ Ceol/ 20, (11) 
c 


Considering (11) and solving equation (10), one can obtain the mag- 
nitude of the first frequency correction w, and w ® w 9 + w4.- 

The calculated and measured values are given in Table 1. 

Let us take an example: we have a triode P6G No. 1 in our oscillator 
which has capacitive feedback. Circuit data: Rge = 9.43 kohm; p=1 
kohm; p= 1; rs #0; rp = 105.2 ohms; k = 0.1; fy = 98.3 ke; Iegmin = 28 pa. 
Triode parameters: b = 0.0863; 1—a = 0.035; A= 0.01; Ceo = 37 uf; 

Eco oS 4.8 Vv 


as fmeas - fealc 


f 100%. 
meas 


The above example shows that the error in the calculation of the 


oscillation frequency does not exceed 0.1%, if the detuning of the cir- 
cuit is about 1%. 
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Table 1 


5,% |meas-lealeu-| 6,% |meas-, C#- 5, % 
ured | lated aredts 
lated 


*The deviation between the calculated and measured values increase 
by the degree of approach to the saturated region. 


CONC LUSION 


The given analysis gives a basis to the statement that a SCT oscilla- 
tor may have a stable operation in the unsaturated, as well as in the satu- 
rated regions. By including a sufficiently large impedance in the path of 
the de component of the emitter current (during the measurements this 
resistance was taken as 10 kohm), the operation of the oscillator in the 
unsaturated region occurs only under considerable changes in the current 
Ieg. The limits of change for Ie in which the oscillator still operates in 
its unsaturated region can be widened by decreasing the Roe of the circuit. 
The decrease of the feedback coefficient somewhat increases the saturation 
character of operation. 

If the frequency of oscillation does not exceed the cutoff frequency of 
the SCT, then the amplitude of the steady-state oscillations is usually de- 
termined by the de component of the emitter current Ie), and the magnitude 
of this current Iey min after the oscillations appear. Equation (9') describes 
the relation between the amplitude of the input voltage of the SCT and Iey min/ 
Ie9. The error in the calculations, by using this equation, at a frequency 
equal to 0.2 feytoff does not exceed 2-3%, and at the cutoff value it is 
5-7%. The magnitude of ley min depends upon the equivalent impedance of 
the circuit Roe, the feedback coefficient k and the small-signal param- 
eters of the SCT, it may be calculated from equation (8) or directly 
measured. 

The steady-state value of the oscillator frequency depends upon the 
parameters of the external circuit as well as the type of the SCT and the 
supply voltages. 

Despite the presence of internal feedback in the SCT, which depends 
upon the signal level, the amplitude and phase balance of the oscillator in 
unsaturated operation and having an effective automatic biasing means may 
be analyzed separately. 

The frequency change of the steady-state oscillations following a 
change in the supply voltages can be explained by the fact that the change of 
the collector voltage Eg results in a change of the capacitance Ce across 
the collector junction. By changing the current Ie), the frequency also 
changes due to the fact that the time constant of the input circuit of the 


triode is also changing. 
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PROGRAMMED OPERATION 
OF AUTOMATIC TELEPHONE OFFICES 


O.1. Ivanova, Z.S. Kokhanova and A.P. Tsygankin 


Suggestions on a variety of problems arising in connection with the 
devices used for automatic processing of digital information as well as the 
control circuits for an automatic office are given. It is shown that by using 
high-speed elements it is possible to break down the operation of the control 
circuits to a sequential execution of very simple operations. The construc- 
tion principles of a marker having a programming device is discussed. 

Digital devices for automatic data processing are being widely used 
in the field of automation of industrial processes and projects. The auto- 
matic telephone office which has as its main function the establishing of 
connections between calling and called parties, performs an operation 
which can be characterized by a certain algorithm. This means that the 
ATO can be operated by a set program, similarly to a digital device. A 
digital data processing device comprises input units for initial information, 
convering units, processing units, output units for information, and control 
units. The initial information comes from the originating party, and the 
resultant information is fed in the form of instructions to the controlled 
objects. 

A similar process can be observed, also, on the ATO, where units 
similar to data processing digital devices are present. On a mechanized 
ATO one finds centralized devices, or registers, which receive and store 
the number of the called party, then execute a sort of control over the 
selectors at the different stages of selection. In a step by step ATO the 
equipment which receives the number of the called party, in the form of 
dial pulses, is decentralized and has a device for each selection step. The 
information receivers are ordinary impulse relays and selectors. The 
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selector, after it has set the wipers in a position corresponding to the 
dialed number, will store the information throughout the period of inter- 
connection and conversation. 

In a crossbar ATO, the control equipment, namely, the markers, 
collect the information regarding the direction and possibility of connec- 
tion, i.e., the presence of free trunks (connection paths), through which 
the connection may take place. Corresponding to the number of the calling 
party (on the finder switch rank) or to the number of the called party (on 
the connector or group selector rank) the marker tests a number of possible 
paths and upon finding a free path, sends out a signal to establish the con- 
versation path over this path. If all the connecting paths or lines of the 
called party are found to. be busy, then the marker sends out a busy signal. 

In accordance with the above, the functions of a marker in an ATO 
can be executed by a digital control device which operates according to a 
predetermined program, the latter representing a sequence of simple opera- 
tions. 

The initial information, which may appear as signals when a calling 
party picks upthe handset, or dial pulses, as well as signal conditions of 
the line or of the connecting paths and communication elements, may be 
fed into a sort of a central device. This device operates according to a 
fixed logical program and is able to determine whether a connection be- 
tween two given subscribers can be accomplished or not, and feeds its 
instructions into the finder switches (for example, into the crossbar con- 
nectors) and as a result accomplishes a connection. If, for some reason, 
a connection can not be executed, the central device receives correspond- 
ing information and works out a different set of instructions which results 
in its sending out a''busy' signal. The above cycle of operation repeats 
itself for all incoming calls. If the central device has a sufficiently high 
operating speed, the waiting time for the establishment of a connection 
between two subscribers is negligible, despite the sequential operating 
character of the control system. 

The use of contactless high-speed elements in the control circuit 
permits a method of sequential execution of operations, which would be 
impossible in control circuits employing electromagnetic elements of 
lower operating speed. Using the programmed control principle, connec- 
tions may be made in any order and changed, if necessary, without chang- 
ing the circuit of the output devices and marker units. While making a 
connection between two subscribers, the ATO performs a number of opera- 
tions in a predetermined order one after another, depending upon the given 
conditions. 

It is apparent that the results of a call, and thus the operation of the 
control circuit of an office, are functions of the conditions existing on the 
line of the called party. Therefore, the control circuit of the ATO should 
be able to receive information regarding not only the direction of the con- 
nection, but also its possibility. 

The principles embodied in the structure of the marker as well as 
the sequence of its operation may be of great variety, so long as they pro- 
vide for the connection of a conversation path on a given selecting rank. 

Below is given the operation of an electronic marker with programmed 
control, the latter being based on the method of sequential execution of 
simple operations. ; 

A given servicing order of the transmission lines may be incorporated 
into the corresponding decision elements of the circuits of the marker units 
and their interconnections. Therefore achange in the servicing order neces- 
sitates achange in the circuits of the marker units and the interconnections 
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between them. Another way to obtain a given servicing order would be by 
the introduction of a special unit into the marker, which in electronic digital 
equipments is known as a central control unit with programmed pickup. In 
the presence of a central control unit, the functional connection between the 
marker units (which determine the sequence of operation) will be entirely 
eliminated. Only connections between the central control unit and the 
marker units and output devices are present. In this way the coupling be- 
tween the units is greatly simplified. A blocking element is no longer 
necessary, since the danger of parallel coupling has been greatly diminished. 
The coupling signals are of the same type which results in a greatly sim- 
plified form of the marker units as well as the output devices. A consider- 
able standardization of all the involved circuits will take place, which per- 
mits the use of the same type of cells, thus considerably simplifying the 
installation of the equipment and its operation. 

Besides simplicity and economic advantages, the above-mentioned 
control circuit is highly versatile, since in order to change the sequence 
of operations it is sufficient to change the program of the central control 
unit. By this, one can change the servicing order of the subscriber lines, 
the trunks, as well as the testing and holding of the lines, and excellent 
servicing can be provided on the subscriber as well as on the trunk lines, 
CLce 

Below is given a discussion of the principle of programming the 
operation of an ATO, and as an example, a crossbar telephone substation 
(line concentrator) having electronic controls is given. The block diagram 
of the substation is given in Figure 1. The substation is designed to service 
100 subscribers in a residential area. The loading of the substation is 
equal to 5.2 erlangs. The input and output loadings are equal and amount 
to 2.6 erlangs each. In order to provide service at given losses, it is 
necessary to provide 10 input and 10 output trunks. For the given type of 
switch with dimension 10 X 20, it is necessary to provide a two-stage A 
and two line switches in stage B, of which MCS-3 will be used for outgoing 
calls and MCS-4 will be used for incoming calls. The number of links 
between stages A and B equals 20. The outgoing two-wire trunks are fed 
through the connector relay units into selectors I/II of the step-by-step 
central ATO, whereas the incoming trunks are fed into bank (IV) of the 
above-mentioned central ATO. According to the block diagram (Figure 1) 
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and the well-known method of transponder connections (Figure 2), each 
subscriber line, in order to handle outgoing and incoming calls, will have 
access to 4 links out of the 20 provided in the substation. The links are 
connected to the trunks with full access. ; 

In order to obtain a connection to a subscriber line inathree-coordi- 
nate switch, it is necessary to coordinate the operation of the selecting 
(SM), breaking (BM) and locking electromagnets (LM) which are located 
in MCS-1-2. 

The number of the SM in MCS-1 corresponds to the unit digits, and 
in the MCS-2 will correspond to the tens digit in the subscriber's number. 
The number of BM will be determined by the position of the subscriber 
line on the banks of MCS-1 and 2. Figure 2 presents a code which operates 
the following way: the lines, the numbers of which are to the left of the ver- 
tical line are connected through BM,, and the ones to the right — through 
BM,. The number of the locking magnet LM depends on whether one or 
the other of the four available links is selected for the connection. Line 
74, for example, will be connected by the coordination of SM,, BM2, LM, 
of the MCS-1 in case the first link is idle. 

We can conclude that the connection method given above permits a 
unique determination of the number of the selecting, breaking and locking 
electromagnets of the switch as a function of the number of the subscriber's 
line? when a definite instruction from the central control unit has to be exe- 
cuted. 

’ We will discuss the operation of a marker, having a programmed 
control (Figure 1). The marker has three main units: 1) the central con- 
trol unit (CCU); 2) the identifier of the subscriber units and electromag- 
nets of the MCS (I-SU-MSC); 3) the identifier of the trunk units (I-TU). 

The marker operates according to a set program, established with 
consideration of the functional necessities of the marker unit for making 
both input as well as output connections. The operational program of the 
marker incorporates all possible cases necessary for making the connec- 
tions. It has 43 instructions which are designated on the circuits by two- 
digit numbers ranging from 01 through 43. To each instruction there cor- 
responds a number of control and checking signals which are sent out by 
the central control unit to the marker units and to the terminal devices. 

The entire operational program of the marker, during establishment 
of a connection, is divided into three sub-programs: 

1. Sub-program for the input information (selection of the incoming 
trunk upon which the incoming call was received from the central ATO while 
the number is being sent to the register, the selection of the called party, 
checking of the subscriber unit for 'busy', etec.). This sub-program in- 
corporates instructions from 01 through 20. 

2. Output sub-program. (Selection of the line of the calling party, 
selection of a free outgoing trunk etc.). In this sub-program we find in- 
structions ranging from 21 through 32. 

3. Sub-program for the determination of the availability of a link 
and for making the connection (selection of the available link as well as 
the available line of the calling party or the called party, actuation of the 
electromagnets on the MCS). This sub-program incorporates instructions 
from 33 through 43. 

The latter sub-program is executed both for the input and the output 
connections. The program is executed in a closed loop. 

The above-mentioned program of the marker first handles all the 
incoming calls in a sequential order, then all the outgoing calls, then 
again all the incoming ones, etc. Thus, according to need, a transition 
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Figure 3 


from the execution of these sub-programs to the execution of sub-programs 
for making connections is provided. The order of servicing of the sub- 
scriber and trunk lines may be arbitrary, and the program should provide 
for this. We will analyze further, in more detail, the operation of the 
marker unit under the conditions of an actual connection. 


THE CENTRAL CONTROL UNIT (CCU) 


The central control unit (Figure 3), as has been stated before, controls 
the operation of the individual units of the substation according to a fixed 
program. The instructions coming from the CCU are executed in the order 
of their appearance; however, it is possible to provide a transfer, out of 
sequence, to an earlier instruction. This is occasioned by the fact that a 
connection to be made at a substation may take place under various condi- 
tions. If at the instant of the connection, certain desirable conditions are 
not present, then the program should be executed in a different order. 
Therefore, the central control unit supplies three types of instructions. 

1. Instructions with a sequential advance. Such an instruction con- 
tains only control signals and does not incorporate check signals concern- 
ing the condition in any of the units of the substation. After such an instruc- 
tion has been set, the succeeding instruction will always be the next one in 
the program. 

2. Instructions with conditional transfer. These instructions contain, 
in addition to the control signals, check-signals concerning the condition of 
a particular unit. When such an instruction is sent, an answer will come 
back from the checked unit containing information asto its condition. De- 
pending upon the nature of the received answer, the instruction to be executed 
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next may be either the one which is next in the program, or a transfer may 
take place back to an earlier instruction. 

3. Instructions with unconditional transfer. Such instructions contain 
control signals and do not incorporate check signals. 

However, these instructions may not contain control signals, in which 
case they serve only to ensure an unconditional transfer to an earlier in- 
struction instead of going to the instruction which is next in the program. 
An interval of 100 microseconds is necessary to complete each instruction. 
This time is a function of the frequency of the time base generator (Figure 
4) which is assumed to be 10 kc. The duration of the clock pulse is 10 
microseconds. The control instructions, which are fed into the crossbar 
switch units in order to actuate the electromagnets, must have a long 
enough duration to be able to operate the above-said units (usually 25-40 
milliseconds). Now let us analyze the operation of the circuit of the pro- 
gramming device. The following designations are used on the block-dia- 
gram: C is acombiner (''AND" gate) OR is an adding circuit (an OR 
gate), NO is an inhibit gate circuit, CO is a binary counting circuit, Dis 
a decoder, Tis atrigger, Ais an amplifier, Iis an inverter. 

The central control unit. 
(Figure 3) operates in the fol- 
lowing way: during the comple- 


100 f) tion of any arbitrary instruction 
Al Al fae the counting circuit CO is ina 
eel condition corresponding to the 
| | a number of the instruction. At 
1 this instant, at one of the out- 
ice EER PIE a puts of the decoder D, we find 
' £ that the operating signal 1 is 
\ present. This signal is fed 
wena NE Be | tare into the input of coder C-1 to 
code the instruction addresses; 
' ! ; then; from the output of the coder 
the corresponding control and 
Figure 4 check signals are fed into the 
marker units and into the output 
units of the substation, which 
then executes these instructions. 
The advance from one instruction to the other is accomplished by 
changing the condition of the counting circuit CO, which may take place if 
a clock pulse is fed to its input from the time base generator, or by setting 
the trigger into a corresponding condition with the help of signals coming 
from the transfer address coder C-II through the gates (12 x C). 
When instructions involving sequential advance are executed, circuits 
C,, NO; and NO, do not operate, and the train of the clock pulses is fed to 
the input of the counting circuit CO. In accordance with the above, the 
counting circuit CO will switch into a condition corresponding to the execu- 
tion of the next instruction, while at the output of the decoder D-1 in the 
next instant we find the operating signal. If the instructions containing 
the conditional or unconditional transfer are being executed, then at the 
same instant that the control signals and the question signals are being fed 
into the substation units, aso-called ''transfer condition signal" will appear 
at the special output of coder C-1. This transfer "condition" signal is fed 
into AND gate Cy and into ''OR' gate OR;. Depending upon the nature of the 
"condition" and the ''answer"' signals which are coming from the units in 
question and are fed into circuit ORs, the central control unit may provide 


50 


an instruction resulting in a sequential advance or a transfer back to an 
earlier instruction. The address of the given instruction will be stored in 
coder C-II and may be fed into the counting circuit through gates 12 XC 
in cases where the transfer to this instruction becomes necessary. 

The comparison of signals "condition" and "answer" is accomplished 
with the help of circuits C, and OR; within the central control unit. 

In cases where the signals ''conditions'" and" answer" do not conicide, 
advance to the next instruction occurs; however, if these two signals coin- 
cide, then a transfer to an earlier given instruction is performed. 

When the instruction resulting in the switching of the electromagnets 
of the MCS is being executed, then a so called Kipp relay KP will be in- 
serted into the circuit, which ensures the necessary duration of the control 
signal. The signal from the output of the Kipp relay KP, through circuit 
NO», will block the output of the clock pulse generator, and as a result of 
this, the condition of the counting circuit can not change until this blocking 
effect is removed. 

During the execution of the program, the central control unit provides 
instructions which are fed at the same instant to all of the output devices 
which are all of the same type; however, the effect of the instructions 
should be observed in only one of the output devices. This is accomplished 
by the insertion of two additional units into the marker circuit, namely the 
identifier of the subscriber units and the electromagnets of the MCS and 
the identifier of the trunk units. 


THE IDENTIFIER OF THE SUBSCRIBER UNITS AND ELECTROMAGNETS 
ON THE MCS (I-SU-MCS) 


The purpose of the identifier (Figure 5) is to select the subscriber 
units, free links, as well as to select an available trunk for the calling or 
the called party, and also to operate the corresponding electromagents on 
the MCS. During the execution of the sub-program coming from the CCU, 
pulses are fed into the tens and units counters CO; and CO, (instruction 
No. 26). As a result of this, a train of selective signals will appear at the 

‘output of decoder Dg corresponding to the subscriber unit. After each 
pulse fed into the counting circuit from the CCU, a check (instruction No. 
22) of the condition of the subscriber unit is made (Figure 6); however, 
the question or check signals may affect only those subscriber units which 
are in a condition of being able to be called and selected by the decoder Dg. 
The answer signal coming from such a subscriber unit will be fed into the 
CCU through circuits 100 OR and 7 OR, and after this, a sub-program will 

_be executed which accomplishes the selection of a free link and the con- 

nection through the switches. 

The information about the condition of an available link along the line 
of the calling party will be fed into AND gates Cj - Ciy. The signal which 
performs the link selection within the MCS-1 is fed from the "'tens" de- 
coder D; through one of the five OR gates ''2 OR" and through the contacts 
of the corresponding locking magnets of MCS-1 into gates Kj and Kiy. The 
checking of the links from the marker is accomplished sequentially; the 
first link is checked by instruction 33, and if it turns out to be busy, then 
instruction 35 is fed into gate Kjj etc. If the CCU receives an answer re- 
garding the availability of one or the other link, then an instruction is re- 
leased which operates the electromagnets of the switch MCS. The number 
of the selection magnet (SM) of the switch MCS-1 is determined by the out- 
put signal of the units decoder; the SM of MCS-3 is determined by the output 
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signal of the tens decoder. While this instruction is being executed, the 
operation of the corresponding break magnets BM of MCS-1 and MCS-3 is 
accomplished. Immediately after their actuation, the locking magnets of 
MCS-3 and MCS-1 are operated. If no free links are available in MCS-1 
a check on the links in MCS-2 is performed. Before checking the second 
set of links by the CCU is accomplished, signals are fed into gates C,_, 
and Cj_3. As a result of this, gates C;_3 close and gates C_3 open. Con- 
sequently, the information from the tens digit counting circuit is fed into 
the decoder of the unit digits. Information from the counting circuit of the 
unit digits, goes into the decoder of the tens digit. 

The purpose of the above operation is to determine the number of the 
selecting magnet in the switch MCS-2 by tens digit of the subscribers num- 
ber. The selection and checking of the links in MCS-2 is accomplished 
similarly to the method used in MCS-1. 

If there are no free links available for the given subscriber line, 
then the I-SU-MCS advances to select the next subscriber units, and the 
subscriber has to wait until the link available for his unit is free, and 
until a secondary positioning of the marker is performed. 

The handling of input information by the I-SU-MCS is accomplished 
similarly. The number of the called party is fed through the CCU from 
the register into the counting circuits CO; and COy of the identifier 
I-SU-MCS, after which the operating signal goes from the output of decoder 
Dg into the SU of the called party. Further operation regarding connections 


52 


Bank "'c" of MCS-1-2 


Figure 6 


THE IDENTIFIER OF THE TRUNK UNITS (I-TU) 


The purpose of the identifier (Figure 7) is to perform a sequential 
selection of the trunk units. The control and check signals are fed from 
the CCU in accordance with the sub-program in question either directly to 
all output trunk units, or to all input trunk units and registers; however the 
unit which responds is the one, which has been selected by decoder D of 
the I-TU at that instant. 

Under controlof incoming pulses from the CCU, the counting circuit 
C, is set into a condition which corresponds to the selection, by the de- 
coder, of a particular outgoing trunk or incoming trunk and register, since 
the instructions coming from the CCU during the execution of the sub-pro- 
gram for outgoing information will be fed into the outgoing trunk, and dur- 
- ing the execution of the sub-program for incoming information they are 
fed into the incoming trunk and the register. 

Upon the completion of the given connection, the counting circuit 
receives pulses from the CCU and the selection of the next incoming or 
outgoing trunk is accomplished. Gate C; provides for the transmission 
of a signal upon the completion of the sub-program for an incoming or 
outgoing piece of information into the CCU, i.e., it performs the transfer 
_ from one sub-program to the other. 

The trigger, which is a sort of signal register, and gate C2, trans- 

~ mit, with the help of the CCU, a train of information regarding the number 
of the called party, by counting or feeding this information from the regis- 
ter into the counting circuit of the I-SU-MCS. 


CONCLUSION 


The suggested method of programmed control of an electromechani- 
cal ATO permits one to design comparatively simple circuits for the 
marker as well as for the output devices, since the control and check sig- 
nals are of the same type and require only the simplest circuit forms. 

The operational speed of the marker for the given method of oncontrol 
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depends on the number of the realizable instructions during the period of 
connection, the frequency of the pulse train from the clock pulse generator 
as well as upon the time required to operate the electromagnets of the 
switches. 

The number of instructions during the time of connection will be 
different for different subscribers and will depend upon a number of fac- 
tors: on the number of the subscriber's line, on the instant when the 
call arrives, on the availability of the outgoing trunks, as well as on the 
availability of interconnection paths etc. 

During the accomplishment of an outgoing call from a subscriber of 
a substation to a central ATO, the busy period of the marker will range 
anywhere from 40.5 millisecond to 74 millisecond, and during an input 
connection it will be between 47 and 49 msec. The busy period of the 
marker during 10 outgoing and 10 incoming connections will be between 
0.9 andl )27sec. 

The speed required to perform a connection may be increased by 
increasing the frequency of the clock pulse generator. However, the busy 
period of the marker while making the connection is usually determined by 
the speed and the sequency of operation of the electromagnets of the 
switches. For the given version of the control circuit, the number of 
sequentially actuated electromagnets of the switches is limited to a minimum; 
therefore, it is recommended to use a push-pull type circuit for the electro- 
magnets, in which, first, the necessary selecting and breaking electromag- 
nets are actuated in states A and B, and, then, the locking electromagnets 
of the MCS, 


Therefore, a decrease in the busy time of the marker may be 
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accomplished only be decreasing the operation time of the electromagnets. 
However, this time can not be less than 10-20 msec for the available type 
of electromagnetic devices, relays, selectors and MCS. Consequently, a 
further decrease in the busy period of the marker while making a connec- 
tion, may be reached only by transmitting the switching signals to the 
electromagnets by a special electronic memory device. 

The above-analyzed method of circuit design for control by pro- 
grammed devices holds for all stages of selection in a crossbar ATO, as 
well as in the control circuits of an electronic ATO. It is obvious, that 
the best result can be reached by programmed control in systems using a 
common marker for the entire station or using a few states of selection. 

The simple design of the marker units and output devices, the high 
operational speed during the making of a connection, the possibility of 
changing the order of service without changing the circuit of the individual 
units of the marker and the output devices, permits us to conclude that 
the use of electronic control systems having programmed devices is ad- 
vantageous. 
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EFFECT OF INVERSION OF A GROUP 
OF TELEPHONE CHANNELS 


ON NONLINEAR NOISE POWER 


A.P. Chernenko 


An analysis is given of two versions of linear frequency spectrum 
design for a multichannel unit, one of which is characterized by a uniform 
distribution of the telephone channels, the other by partially inverted 
channels. It is shown, that a partial inversion of the telephone chan- 
nels results in a negligible increase in the general psophometric power 
of the second-order nonlinear noises within the linear frequency spec- 


trum. 
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INTRODUCTION 


In the design of modern multichannel communication systems, one 
of the most important requirements to be met is the correct design of the 
linear frequency spectrum. The solution of this problem usually incorpo- 
rates measures to meet the necessary standards in order to ensure the 
noise immunity of the telephone channels as well as economical operation. 

During the analysis of different design versions of a linear frequency 
spectrum one will usually select a version which results in a minimum 
power of the parasitic products of frequency conversion within the linear 
frequency spectrum. One may also find versions which are very nearly 
equivalent as to degree of obstruction of their useful bandwidth by parasitic 
frequency conversion products. However, they may differ as to the fre- 
quency distribution for telephone channels in the linear spectrum: in one 
version all the telephone channels are distributed in the linear portion of the 
spectrum uniformly, and in the other, part of the channels is found to be 
inverted. The above is illustrated in Figure 1 by two design versions of 
the linear frequency spectrum of a communication unit using coaxial cable 
having 1920 telephone channels. 
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Figure 1 


The question arises as to whether partial frequency inversion of telephone 
channels increases nonlinear noises within the channel. This question 
deserves attention since the nonlinear products created by a relay ampli- 
fier station under conditions of partial inversion of the telephone channels 
results in a different kind if distribution of channels within the linear fre- 
quency spectrum, that is the case for uniform channel distribution. There- 
fore, even if the total nonlinear noise power remains unchanged, the dis- 
turbing effect of the noise products within the telephone channels may turn 
out to be different because of the different sensitivity of the human ear to 
signals of different frequency. 

While designing a multiplexing unit for coaxial cable with relay ampli- 
fiers having a transmission capacity of 1920 telephone channels at the same 
instant, it was observed that the danger of increasing psophometric noise 
power within the channel is present, which increase is due to the partial inver- 
sion of telephone channels in the linear frequency spectrum; the increase of 
psophometric noise power is accompanied by a corresponding decrease of the 
second order nonlinear noise products developed in the relay amplifiers. 
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Therefore, the second design version of the linear frequency spec- 
trum as illustrated in Figure 1 can not be recommended, despite its sim- 
ple structure in comparison with the first version, since it could be sub- 
ject to criticism at the very first design step. 

Below is given an analysis of the different design methods of a linear 
frequency spectrum, demonstrating the effect of partial inversion of tele- 
phone channels on the noise level. 


COMPARISON METHODS FOR THE DIFFERENT VERSIONS OF LINEAR 
SPECTRUM FACILITATING THE EVALUATION OF NONLINEAR NOISES 


The problem itself. To analyze the question regarding the effect of 
partial inversion of telephone channels on the noise level, it would be 
best to start, for example, with a linear spectrum of an apparatus having 
12 or 24 channels, which is one of the simplest cases. In connection with 
this, it is necessary to show the regularity of appearance and distribution 
of different nonlinear noise products within the linear spectrum of the 
system, as well as to determine the psophometric coefficient for the dif- 
ferent cases and derive the corresponding equations. 

In other words, it is necessary to derive a method for the analysis 
of the disturbing effect of parasitic nonlinear products which are generated 
in the relay amplifiers. The method should serve as a convenient tool for 
the analysis of a communication system with any arbitrary number of 
channels and any linear frequency spectrum. In this case the analysis will 
not cover the third and higher-order parasitic nonlinear products, since 
they are distributed densely enough along the linear frequency spectrum 
and therefore their disturbing effect depends very little upon the location 
of the telephone channel within the linear spectrum. 


Distribution of second-order nonlinear products for both versions of 
the line frequency spectrum ot a 25 channel unit. We shall analyze the 


effect of the partial inversion of telephone channels within the linear fre- 
quency spectrum of a type K-24 unit. We shall discuss two design versions 
_ of the spectrum: 1) all 24 channels are distributed regularly, 2) the 
first 12 channels are distributed regularly, but the other 12 are inverted, 
such a linear frequency spectrum is usually associated with a type K-24 
unit. For the above two versions we shall compare the distribution along 
the linear spectrum of the second-order nonlinear products generated in 
the intermediate amplifier stations, as well as their disturbing effect at 
the receiving terminal of the communication line, considering the psopho- 
metric curve. 
First, we shall determine the spectrum level of the telephone signal 
at the input of a long distance communication channel. During the analysis 
we will use the frequency spectrum of Russian speech as illustrated on 
Figure 2a, as well as the frequency response of a Russian-made carbon 
microphone MK-14 (Figure 2b) and the attenuation of a long distance line 


illustrated in Table 1 [1]. 


Frequency, in cps | m 20004 § 
Attenuation, nep. 0. | 0,98 | 1.12 ee 
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1.92 | 2.01 
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Using these response curves we will obtain the spectrum level of 
Russian speech at the input of the long distance communication channel as 
illustrated on Figure 2c. Curve No. 2 corresponds to the spectrum level 


of speech using microphone MK-14. 


Curve 2L is the same but includes 


the long distance telephone lines total attenuation of 0.98 nepers at f = 
= 800 cps. Figure 3 represents the speech spectrum, where the voltage 
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Figure 3 


amplitude of the different fre- 
quency components of the telephone 
signal are shown as a function of the 
frequency. The amplitude at 0.3 
ke is taken as the reference level. 
From this curve one can see that 
the main energy of a telephone sig- 
nal is concentrated within the range 
of 300-1000 cps in the spectrum. 
The signal voltage at 1000 cps is 
lower than the voltage at 300 cps 
by afactor of 6.7. The voltage at 
frequencies 2000, 2500, 3400 cps 
is lower than the voltage at 300 
cps, respectively, by factors of 
15, 33 and 27 

Therefore, in order to sim- 
plify further calculations, one can 
assume that the telephone signal 
spectrum at the input of along dis- 
tance channel will be located within 
the range 300-1000 cps. Also one 
can assume that the signal voltage 


amplitudes for frequencies between 300 and 1000 cps are equal. 

Taking account of these assumptions, Figure 4 illustrates the dis- 
tribution of the second-order nonlinear products for two versions of the 
linear frequency spectrum for unit K-24. The first version corresponds 
to the case when all 24 telephone channels are located within the linear 
spectrum uniformly. The second version illustrates the case, when the 
first 12 channels are distributed regularly, and the other 12 channels are 


inverted. 


If the spectrum of the telephone signal at the input of the long distance 
channel is limited to a frequency range of 300-1000 eps, then at the input 
of the relay amplifiers we will obtain a signal with a loose spectrum in- 
stead of the regular compressed one. In order to determine the distribu- 
tive law of the second-order nonlinear products generated in the relay 
amplifiers, the power of these products has been analyzed. As a basic 
tool for the analysis, a method suggested by Brockbank and Wass [2] was 
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used. The results of the analysis and the corresponding graphical evalua- 
tion permit us to make the following conclusion. 

Under the effect of a nonlinear system of a number of signals the 
currents of which are uniformly distributed along the frequency spectrum. 


fi min to fj max fyminto fymax ---> fp min to fnmin 


second-order nonlinear products (among others) of the type A+B and A-B 
will appear. The quantity of products A+B will correspond to the large 
isosceles triangles of Figure 4 having their base in the frequency spectrum 
(fymin + fain) to (f1max + femax); (fimin + fsmin) to (ftmax + fsmax) etc. 
as well as to the small isosceles triangles each of which corresponds to 
half of the said quantity of products, with their bases lying in the spectrum 
2f;min to 2fjmax; 2famin to 2fzmax; 2fsmin to 2fsmax etc. 

The quantity of the products of type A-B corresponds to isosceles 
triangles which are shifted down the frequency axis by fymin + fn max. 

On the basis of the above conclusions we are able to analyze the 
second-order nonlinear products generated in the relay amplifiers and 
which at the same time enter the linear spectrum of unit K-24. The tri- 
angles of the nonlinear products are plotted on the frequency scale for both 
versions of the linear spectrum of unit K-24, showing the number of chan- 
nels the currents of which are responsible for the generation of the non- 
linear products. 

The shift of the nonlinear products in the first version of the linear 
frequency spectrum is very simple. Here we find only two types of non- 
linear products; A+B and A-B. The shift becomes more complex for the 
second version of the linear spectrum. Here we have 6 types of nonlinear 
products, for example: the products due to the interaction between chan- 
nels 1+3; 1413; 5-1; 17-13; 18-8; 13+14. The products of the latter type 
(13+14) are located on the frequency scale above the linear spectrum of 
unit K-24. Thus they do not create a disturbing effect. 

Each of the 6 types of nonlinear products has its own distributive law 
along the frequency spectrum. In order to get the correct answer to the 
question whether one or the other version is more advantageous, it is 
necessary to analyze the magnitude of the power due to the second-order 
products. 


Quantitative analysis of power due to second-order nonlinear products 
for two versions of the linear frequency spectrum of unit K-24. The quan- 
titative analysis will be performed by making a comparison between the 
total psophometric power of the nonlinear products in all 24 channels for 
both versions of the linear spectrum. We will assume the following. 

1, As a relative power unit we will use the power of the nonlinear 
products of the type A+B or A-B which has been generated as the result of 
mutual effect between any two arbitrary channels, as illustrated in Figure 
4 by the large isosceles triangles. 

2. The voltage amplitudes of each nonlinear product of the type A+B 
and A-B are equal for all frequencies; the quantity of the products is dif- 
ferent and corresponds to the ordinate of the triangle; the phases of the 
oscillations are arbitrary. 

3. For a partial incidence of the nonlinear products into the spectrum 
of the telephone channel, the power of the products will be defined by that 
part of the triangle which falls into the spectrum of the channel. 

4, Each of the small triangles of Figure 4 corresponds to half of the 
relative power unit; therefore the quantity of the nonlinear products falling 
into that area will be only half of those within the large triangle. 

5. The psophometric coefficient will be determined as a function of 
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the particular area of the telephone channel spectrum in which the non- 
linear products may fall. 

One can see from Figure 4 that the products of the type A+B and 
A-B will fall into certain channels within the frequency spectrum of 300- 
700 cps. Let us find the part of the relative power unit which falls into a 
channel in a case where the nonlinear products are generated only by the 
mutual effect of two channels. In order to accomplish this, we have to 
construct on a convenient scale the larger type of isosceles triangle which 
corresponds to the relative power unit. The base of the triangle will 
occupy 1400 cps. The ratio of the area which falls into the channel Sy, to 
the area Sp (the latter representing the total area of the triangle) gives the 
incidence coefficient Kj = 0.164. 

Let us find now the psophometric power coefficient for the nonlinear 
products of the type A+B and A-B. In accordance with Figure 4 it will be 
necessary to find the psophometric power coefficients K3p9-799, _Kgoo-2000; 
and Koo99 -s490 for the nonlinear products which fall into the frequency range, 
respectively, 300-700 cps, 600-2000 cps and 2000-3400 cps. Then again 
we must make use of the triangle of Figure 5. 

In order to determine the psophometric power coefficients accurately, 
one has to subdivide the total area 
of the triangle into 14 sections with 
the help of ordinates passing through 
each 100 cps. 

After determining the psopho- 
metric coefficients for each of the 
14 sections of the triangle by the 
psophometric curve [3] for both 
values of the frequency at the base 
of the triangle (600-2000 and 2000- 
3400 cps), we have to sum up these Figure 5 
14 areas with due consideration of 
the found values of the psophometric coefficients. The ratio of the obtained 
area to the total area of the triangle results in the desired psophometric 

_power coefficients Kgoo-2999 = 0.94 and Kooo9- 34909 = 0.366. The psophomet- 
ric power coefficient for the frequency band 300-700 cps was found to be 
K399_700 — OBS. — 

Taking account of the found psophometric coefficients and the coef- 
ficient of incidence Kj as well as the five assumptions given above, we will 
calculate the general psophometric power of the second-order nonlinear 
products which penetrate the telephone channel, for both versions of the 
linear frequency spectrum. The calculation will be performed in accor- 

' dance with the data of Figure 4. 

The total psophometric power W.,, of the nonlinear products expressed 

in relative power units for the first version of the linear frequency spectrum 


is found to be 


A-B A+B 


rf 


A+Bsmall 
10 
Woy = KaK 9-100 yim + OK iy scons 1 ett aop = 5000 5 
1 1 
: - 0.94 + 11 - 0,94 = 126.1. 
Wi, , = 0.164 - 0,332 - 231 + 110 - 0.94 + 


The total psophometric power Wy1 of the nonlinear products expressed 
in relative power units for the second version of the linear frequency 
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spectrum is found to be 
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Hence, Wy equals 126.6 relative power units. 


Consequently, the total psophometric power of the nonlinear products 
for the second version is greater than for the first version by only 0.4% 
and the disturbing effects of the second-order nonlinear products for both 
design versions of the linear frequency spectrum are paractically equal. 

Quantitative analysis of the second-order nonlinear noise power for 
two design versions of the linear frequency spectrum of a unit having any 
arbitrary number of channels. The above-described method of analysis 
(for unit K-24) can be generalized for communications systems employing 
a greater number of channels. We have derived equations for the calcula- 
tion of the second-order nonlinear power products incident to the telephone 
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channel for a case of a linear spectrum with uniform distribution of the 
channels as well as for a linear spectrum in which 50% of the channels are 
inverted. These equations hold for any number of channels. With the help 
of the these equations we have calculated the total psophometric power of 
the second-order nonlinear products for a number of cases of the linear 
frequency spectrum involving 600 channels each having a different relative 
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frequency band for their linear spectrum fmax/fmin. The results of these 
calculations are illustrated graphically in Figure 6. 


CONCLUSION 


The given analysis for different versions of the linear frequency 
spectrum ofa multichannel communication system permits us to make the 
conclusion that a partial inversion of the telephone channels within the 
linear-frequency spectrum results only in a negligible increase in the total 
psophometric power of second-order nonlinear noises which are generated 
in the relay amplifiers. 

Figure 6 shows that the maximum increase in the total psophometric 
power of second-order nonlinear noises for a 600 channel system having a 
relative band of the linear frequency spectrum of 3.96 does not exceed 4.3% 

For the above two versions of the linear frequency spectrum for a 
multiplexing unit for a coaxial cable, the relative width of this spectrum 
has a magnitude of about 27, and only 18% of the channels are inverted 
instead of 50%. Under these conditions, the difference in psophometric 
power of the second-order nonlinear noises for the two versions will be 
below 1%. Therefore, a very simple circuit involving 3 stages of group 
conversion of frequency will be selected as the terminal station of the 
multiplexing system for coaxial cable. This circumstance permits one 
to meet the requirements set forth by the CCIT as to noise level for 
terminal and re-receiving equipment of the entire hypothetical section and 
permits one to reduce manufacturing costs for the equipment. 
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ANALYSIS OF THE CAUSES 
OF NONUNIFORM RESPONSE 
OF FERROMAGNETIC CARRIERS 
IN FACSIMILE RECEPTION 


vV.A. Vatsenko and M.V. Gitlits 


The following article presents an analysis of causes of level variation 
during magnetic recording. An instrument is introduced which serves as 
a very convenient tool in determination of the quantitative defects of a tape 
and an example is discussed for the statistical distribution of the defects of 
tape type II. 

As is known, the construction of a facsimile system would be impos- 
sible without special transit equipment. As a result of the scientific work 
in a number of research institutes, a large scale production of magnetic 
transducers for the transmission of phototelegrams (FTAMZ) will start 
this year. This equipment will use standard ferromagnetic tape of 6.25 
mm width. The unit FTAMZ operates on AM. Therefore the question of 
the response fluctuation of the magnetic carrier becomes a serious prob- 
lem. The known systems of AGC are unable to ensure a desired constant 
level. The only way to ensure a stable level for AM seems to be to provide 
a tape having good parameters. 

The constant level of the reproduced signal is important not only for 
the magnetic recording of picture signals, but also in the field of telemetry, 
in memory devices of computing machines, as well as for the recording of 
accurate data, and wherever parasitic amplitude modulations may result 
in the distortion of the recorded information. 

The largest distortions may be observed during parasitic amplitude 
modulations especially when the ferromagnetic layer of the tape exhibits 
certain defects. According to present requirements for a facsimile 
system, fluctuations within +0.5 db are still acceptable. However, fluc- 
tuations greater than the mentioned magnitude would result in dark and 
bright stripes in the image. Therefore, strict requirements are set forth 
for equipment used in magnetic transducing of facsimile information, 
especially for the equipment related to the transmitted signal level. 

The variation in response due to nonuniform thickness of Russian, as 
well as foreign-made, magnetic tapes usually does not exceed the mentioned 
tolerances. However, the presence of defects in the ferromagnetic layer 
of the tape usually results in a considerable temporary fluctuation of the 
signal level and in some cases, even in a complete distortion of the signal, 
which obviously lowers the quality of the image and sometimes may pre- 
vent a correct reading of the transmitted information. 

A temporary blackout of the reproduced signal level which has been 
recorded at a constant level, may be caused by an imperfect operation of 
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the tape-tensioning mechanism, or by the disturbing effect of different out- 
side factors. Therefore, the analysis of the accuracy of magnetic record- 
ing of electric signals, must necessarily take into account all defects of 
the recording system, including imperfect operation of the tape tensioning 
mechanism, defects in the magnetic tapes and the effects of outside factors 


defects of the recording system 


(Figure 1). 
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The defects of the ferromagnetic tape canbe divided into two groups: 
one group can be eliminated directly during the running of the tape; the 
other group can not be eliminated at all. 

The defects can be divided into two groups as to the character of the 
resulting distortion of the recorded signal. The first group comprises 
effects which are connected with the nonuniform magnetic characteristics 
of the elementary particles of the magnetic carriers which at the same time 
do not result in a deflection of the tape with respect to the head. The 

~ second group consists of defects, the disturbing effect of which results in 
the interruption of the contact between the tape and the head. 

It is well-known that the presence of a gap between the head and the 
carrier results in a considerable fluctuation of the signal level especially 
in the case when short-wave information is being recorded. Therefore, 
the depth of a trough in the reproduced signal, for cases when the defects 
mentioned in the second group are present, will sharply depend upon the 
wavelength of the recorded signal. 

The geometrical dimensions of defects of the first group along the 
groove projection (A/jongit) can be easily determined if the tape speed 

(Vtape speed) and the time period during which the reproduced signal level 


has been lost, are known 


Aliongit = VYtape speed: Act) 


65 


If the depth of the trough in the reproduced signal is to be found by 
the geometrical dimensions of the defects measured in a direction perpen- 
dicular to the groove, then this dimension (AC) may be determined by 


Leet oe (iecalieic (2) 


where C is the width of the recording track, b is the depth of the signal 
trough during reproduction. 

The geometric dimensions of defects in the second group are consid- 
erably more difficult to determine, since the character of the signal dis- 
tortion caused by the mentioned effects is not connected in a single-valued 
manner with their geometric dimensions. 

In order to make this question more clear, we will discuss Figure 2 
which illustrates the instant of time when a piece of the tape passes over 
the recess of the magnetic head. It is easily observed, that the true geo- 
metric dimension of the defect (A/) is considerably smaller than the tape 

section (A! .,.,) during which 


clots in the the contact between the tape and 
ferromagnetic ferromagnetic the head has been interrupted. 
varnish 


However, since the duration of 
a blackout during reporduction 


JA : is determined by magnitude 
ete 3 magnetic Al ekv> it is advisable to evalu- 
ae § \head ate the defects in this case not 


by their true magnitude, which 
is hard to determine, but by 
the equivalent magnitude of , 
the defect A/,,.y. The magni- 
tude Ale,y and ACexy may be 
determined by the parameters 
of the reproduced signal, 
similarly to Al and AC for 

the defects of the first group, 
namely, 


a 
re Blocaivaiant 


Figure 2 


Al cky = Vtape speed 
ACeky = C (1—107b/20) , 

It is important to note, that the depth and duration of blackouts in 
the reproduced signal for a case when defects of the second group are 
present will depend upon the structure of the recording system and in- 
cludes the tape speed, the radius of curvature of the head, the stressing 
force exerted on the tape in the vicinity of the head etc. 

A simultaneous analytical investigation of the effects of all the above- 
mentioned factors on the accuracy of signal recording (in order to deter- 
mine an optimum structure of the tensioning mechanism for the tape) would 
be difficult. Let us assume, that the tape is sufficiently elastic and the 
stressing force of the tape ensures a close contact with the head in absence 
of defects, Then it can be shown, that for toroidal heads, the tape length 


for which the contact with the head is interrupted, may be determined by 
the following equation: 


(3) 


R 
Reohs (4) 


Al.).y= 2h arc cos 


where R is the radius of curvature of the head, h is the height of the defect. 
This length will rapidly increase with an increase of R (Figure 3a). 
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The angle during which the tape isinclose contact with the head is 


a>ar =e 
c cos Roh’ 


By changing the mentioned angle from a = arc cos at A to zero, 


the magnitude A/.)., will change from AZ exy = 2R are cos a ato 
aa 
res 
Reh! 
Riz h 
R 


Al ony = 2R are cos te 

for commonly used heads, the magnitude Al eky Will be practically indepen- 
dent of the angle under which the tape is close to the head (Figure 3b). By 
using heads with a radius of curvature which is equal to the height of the 
defect, the magnitude Al,).,, will be greater, the greater is the angle during 
which the tape is close to the head. If a increases to values greater than 


For values of h < 0.1R, the ratio will not exceed 1%, i.e., 


_@ = arc cos ay , the magnitude Al .,, stays constant. 


Despite the number of precautions taken by the manufacturers, dir- 
ected toward the increase of the quality of the surface of the magnetic tape, 
Russian-made tapes still exhibit a great number of defects. ‘lheretore 
questions concerning quality control of the surface of magnetic carriers 
used for precision recording are becoming very real and important. 

Detection of tape defects may be performed in a number of ways. 

_ The most convenient and accurate detecting methods are those which are 
based on the determination of distortions generated during the recording of 
electrical signals of constant level. 

The envelope of the reproduced signal may be observed, for instance 
on an oscillograph. The obtained oscillogram permits us to determine the 
quantity of the defects present on the tape and to evaluate their magnitude. 

As disadvantages of the above method which limit the feasibility of 
its application, one can mention the photochemical treatment of the oscil- 
logram, and the fact that in case of a longer recording time, the oscillo- 
gram will be long and inconvenient to analyze. The latter disadvantage 
may be overcome if instead of using a scanning oscillograph one uses a 
facsimile receiver. Even in this case however, a quantitative analysis of 


the tape defects is impossible. 
It seems more advantageous to use a special electronic device which 
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is able to count the number of tape defects while at the same time separat- 
ing them according to degree of distortion of the reproduced signal. The 
presently known devices used for the evaluation of tapes in coded recording, 
evaluate the quality of the tape usually by the number of the lost pulses, the 
amplitude of which do not exceed the required reproduction level. How- 
ever, the true quantity and the equivalent dimensions of the tape defects 
can not be disclosed by the above method. 

The Magnetic Tape Laboratory of the Electrotechnical Institute of 
Communication in Moscow developed an instrument which satisfies the 
above requirements. 

The instrument is called a magnetic-carrier defect counter. It per- 
forms a counting of the defects on magnetic tapes, at the same type sepa- 
rating the said defects by the duration of the caused blackout or (consider- 
ing the tape speed) Ale,y, into5channels. The separation of the defects by 
the magnitude of level fluctuation ( with respect to ACg,y) is executed by 
changing the limiting level of the amplitude selector, the latter being a 
functional part of the pulse-generating unit. 

The instrument in its preferred form is used to check tapes used in 
the re-reception of facsimile information. Due to the above, the duration 
of blackouts falling into each channel is selected from the distortion cal- 
culation of a certain section of the facsimile image. 

In order to establish an accurate check of the tape in a magnetic 
re-receiving unit of facsimile information of the type FTAMZ (for a tape 
speed of v = 550 mm/sec) it is necessary to detect defects with dimensions 
Algxy = 250 microns. This corresponds to a distortion of a scanning ele- 
ment at an operational speed of 120 RPM and at a sharpness of definition 
corresponding to 5 lines/mm. 

The minimum magnitude of the defect Aleky min which may be de- 
tected by the instrument is equal to the minimum recording wavelength. 


Aleky min = Arecording MEZ-15 


By using a tape recorder of the type MEZ-15 equipped with the 
counter of the magnetic tape defects and for vtape = 762 mm/sec, we 
obtain 

Aleky min © 70 microns. 


The selection of defects by ACe,y is accomplished by changing the 
sensitivity of the instrument. For a pack width of the head C = 1 mm, 
ACyin = 70 microns, 

The separation of the defects into individual channels is accomplished 
by the counting device by a method in which each channel receives defects 
which cause distortion of a certain defined section of the facsimile image. 
The dimensions of the defects in each channel are given in Table 1. 


Table 1 


Duration time of | sermaat rf 

Channel.» |e blackout inthe js re Cha ekyinmm, for 
reproduced 

signal in m/sec 


torted scanning 


He iy ah v = 762 mm/sec 
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In case the defects present cause distortion of more than 100 scanning 
elements, it is necessary to synchronize the indicator and the counter of 
slow blackouts. 

The block-diagram of the defect-counting device is shown in Figure 4. 
Figure 5 shows the operation of the counter as a function of time and at the 
same time it illustrates the operation of the individual units. 

The signal is fed into the input of the counter from the output of the 
reproducing amplifier; for this operation one can use any arbitrary tape- 

_carrying mechanism. If the falling signal level turns out to be below the 
‘threshold limiting level as defined by the shaping network, then the latter 
unit generates a pulse with a duration equal to the duration of the blackout 
determined by the limiting signal level (Figure 4). The leading edge of 
this impulse actuates Kipp relays (KR,...KRs), which define the duration 
of the blackouts during the reproduction which fall into the given channel. 

The pulses coming from the Kipp relays are delayed by the delay 
units by tT = 20 usec, which delay is necessary to operate the shift circuit. 

As a further step, the pulses from the Kipp relay together with the pulses 

- generated by the shaping network are fed into the shift circuits of the corre- 
sponding channels. In those channels, where the given pulse duration of 
the Kipp relay is greater than the duration of the blackout, pulses appear 
at the output of the shift circuits having a duration equal to the delay time. 
Therefore, the duration of the blackout determines the presence or absence 
of signals at the output of the shift circuits of the individual channels. 

These signals are fed into the decoder, which performs a decoding 
operation of the received combination and actuates the terminal Kipp relay 
of those channels for which the bandwidth corresponds to the duration of the 
blackout. The Kipp relay is loaded by a counter of the type SB-1M/100. 

The defect-counting device may perform two types of operation; 
counting and stopping. During the counting operation the separation and 
the counting of the tape defects takes place, and during the stopping operation 


69 


-A- -f\- i i 1 
= input signa 


' ’ output I of the 


shaping network 
b Output II of the 
shaping network 
so ] Kipp relay of 
“ Oo ' channel I a 


; Kipp relay of 
: channel II 


' Kipp relay of channels 
, | and II 


' output of the shift 
' circuit of channel 


T, output of the shift circuit 
> of channelsII, IV and V 
output of channel III 


i of the decoder 


e 
f 
g 
h 


the device stops the tape-carrying 
mechanism at the instant when a de- 
fect appears; therefore the defect 
itself can be detected. 

Below is given a set of experi- 
mental data as to the character of 
defects which may be found on Rus- 
sian-made magnetic tapes. Figure 
6a shows the frequency of appear- 
ance of defects of different magni- 
tudes. Let nj be the quantity of de- 


fects as selected into a given chan- 
ni 
nel. Then wj = is the relative 


frequency of recurrence of defects 
in a given channel. One can see 


from Figure 6a that the most fre- 
quently occurring defects are those 
which have small equivalent dimen- 
sions. The defects with a higher 
Aleky occur relatively infrequently. 
As one of the parameters on Figure 6b we used the magnitude n = 
_ %jAli eky 
2 AU eky 
This magnitude is relative to a certain degree, since it was assumed 
at the beginning, that the losses of information due to the different groups 
of defects are equal if the sums of the equivalent dimensions of the defects 
belonging to this group are equal. Therefore the magnitude n is a conven- 
ient tool to compare the different tapes with each other, since it take into 
account the general quantity as well as the dimensions of the defects. 
The obtained relation of n and the limiting level B proves that most 
of the defects cause a decrease in the level of the reproduced signal which 
amounts to a magnitude not exceeding 3 db (C = 6.25 mm, ACeky = 1.8mm). 
Figure 6c illustrates the increasing character of the number of 
blackouts in the reproduced signal when the longitudinal density of the 
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Figure 5 


which is the mean quantity of defects per km of tape. 
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recording is increased, and 6d shows 
the same effect for an increase in the 
cross-sectional recording density. 
One can note, that if the recording 
wavelength is decreased below 100 
microns and the packet width of the 
head goes below 1 mm, a sharp 
increase in the number and depth 

of the blackouts in the reproduced 
signal can be observed, which con- 
siderably distorts the recorded 
information. 

Using the obtained relations, 
one is able to determine the opti- 
mum operational conditions for the 
recording of AM information as 
well as to make a reasonable selec- 
tion of the limiting level for the re- 
cording of FM and code-pulse signals. 

Figure 7 shows the statistical 
distribution of defects according to 
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their character for Al,,.y = 3.8 mm for each 10 km of tape type II set No. 


600971. 


The total number of defects was found to be 167. 


Twenty-two 


could not be observed visually. One can assume that some of them were 


connected with the nonuniformity of the response of local zones on the mag- 


netic carrier. In the figure: 1 is a dissemination of the metal; 2 involves 
clots in the magnetic varnish; 3 illustrates the distribution for particles 


which fell on the tape during manufacture; 4, that for scratches on the tape; 


5 is the distribution for layers missing because of air bubbles formed in 
the varnish during its application; 7 is concerned with deformation of the 
tape base; 8 represents particles of the magnetic layer of the tape which 
have been rubbed off; 9 represents factory glue; 10, small holes in the 


tape; 11, clots of tar. 


Figure 8 shows microfilmes of certain frequently found defects; ¢ 
‘clots of the ferro-varnish, b) metallic scratches, c) varnish clots, d) 


scratches across the tape. 
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EFFECT OF AN ASYMMETRICAL LOAD ON 
THE NEAR END OF AN HF CABLE NETWORK 


G.A. Arkhangel'skiy 


- The mutual effect between the sections of a symmetrical cable for a 
load consisting of station equipment which is asymmetrical with repsect to 
the ground is given. Equations aiding the development of norms for the 
magnitude of the asymmetry of line transformers and the requirements 
for additional protecting devices are presented. 

This subject is rarely discussed in the literature. Among the articles 
written by Soviet authors, we may note the investigations of S.A. Krasik, 
who proved that in order to obtain sufficiently accurate measurements, the 
symmetrical character of the measuring instruments is not the only criter- 
ion involved. For certain relations between input impedances and ground 
of the measuring instrument and the measured network, the requirements 
for the symmetrical character of the transformer may be considerably 
lowered. The above conclusion will be discussed in this article as a par- 
ticular case of analysis of the broad question of mutual effect between 
sections. 

In case of a symmetrical loading of a cable, the mutual effect be- 
tween sections increases. Sometimes these effects may reach considerable 
magnitude. In order to decrease, based on experiments, the mentioned 
effects, the following protective measures have been recently taken: a) 
filters D-8 are inserted into the order circuits (phantom circuits), b) 
chokes are inserted into the center point of the line transformers, c) strict 
requirements are required as to the symmetrical character of the line 
transformers (the attenuation due to a symmetry should be at least 8.5 
nepers in the operating bandwidth. 

It is important to note that manufacturing of transformers with a high 
degree of symmetry involves certain difficulties, which result in higher 
costfor long-distance equipment. Therefore a decrease in requirements 
as to the symmetry of line transformers is very desirable. 


BASIC RELATIONS 
We shall analyze two mutually affected sections having a load in the 


72 


form of a line transformer (Figure la). 

The electrical properties of the section at the point of its connection 
to the station may be characterized by the magnitude of input impedances 
between the conductors (zjn 42) and between each conductor and the ground 
(Zinio; Zin 29). The asymmetry of a line transformer with respect to the 
grounded conductor is different and depends upon whether the center tap 
is grounded or insulated from ground. 

The Case of a Grounded Center Point. 

’ The capacitances between each terminal and ground are in parallel 
with each half of the line side of the transformer coil. The total impedance 
between each of the line terminals of the transformer and the ground is 
determined by their magnetic 
coupling with the load of the sta- 
tion coil. The reactance of the 
mentioned capacitances has no 
effect on the magnitude of these 
input impedances, since in the 
frequency spectrum of up to 
250 ke, the capacitive reactances 
are much higher in magnitude. It 
does not follow however, from the 
above, that the mentioned capaci- 
tances have no effect on the sym- 
metry of the transformer. The 
center tap of the line transform- 
ers is seen to be grounded for 
high-frequency currents if a re- 
mote feeding is present through 
the circuit cable-ground. Here 
we have to note, that no additional 
protective measures have been 
taken, i.e., the feeding is accom- 
plished from one battery to all 
_center taps of the transformers. 
Accordingly, the wiring diagram 
of two mutually affected sections 
can be represented as shown on 
Figure la. The analysis of this 
simple case permits us to take 
up later the analysis of more com- 
plex cases which more frequently 

‘occur in practice. 

In order to analyze the problem, the line transformer shown in 
the circuit of Figure la should be replaced by an equivalent circuit 
(according to the suggestion by Wirk [1, 2]), and the delta of the input 
impedances Zjni2 Zinio» Zin 20) Should be replaced by a star connection. 
As a result, we obtain a multimesh circuit which can be analyzed by 
the mesh current method [3]. In the most frequently occurring case 
of cable networks having uniform parameters, the analysis resides in 
the determination of voltages at the terminals of the station loads which 
are influenced by the emf of the active circuit. 

The crosstalk attenuation between the two cable sections with 
the center taps grounded, will be determined by the following equa- 


tion: 


line transformer -1 { 


Figure 1 
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b1(2) 4z,, 
i + 2,1 nep, 


where Zjp is the input impedance of the cable section; 7y is an impedance 
which represents the impedance between the ground of the station and the 
lead envelope of the cable; bal(,), Dal (2) cable sections; ba st (1); ba st (2) 
are the attenuations due to the asymmetry of the station equipment meas- 
ured from the line terminal of the line transformers of the first and second 
sections. The station coil should be loaded in this case by a matching 
impedance, i.e., should exhibit operating conditions. 

The attenuation due to asymmetry is determined by the following 
equation: 
2) +20 
2\— 22 


, nep (2) 


where z; and z» are the input impedances between the first and second ter- 
minals of the measured circuit and ground. 

The Case of Insulated Center Tap. 

In this case the terminals of the line transformers are connected to 
ground through the shunting capacitances as is shown in Figure lb. Re- 
placing the deltas of this equivalent circuit and with star connections, after 
an analysis, we obtain an expression which is useful for the evaluation of 
crosstalk attenuation at the near end. 


1 
w2C 221 zy 


b x In 


—ob 


' Paust(1)) a Pal (2) — a st (2) 
bl(a) (6? Pata , (3) 


where C is the average value of the capacitance between the line terminal 
of the transformer and the grounded shield. 


C= Cho + Cx 
9 ’ 
by st is determined from the ee 
b =In G19 + C29 
=<) Cio — Cr 


Expression (3) holds for the frequency spectrum for which 1/wC > 
> Linz. 

Additional Protective Measures. 

It follows from expressions (1) and (3), that the magnitude of the 
crosstalk attenuation is determined not only by the symmetry of the line 
and station equipments but by a number of other magnitudes. An important 
effect is exerted by impedance zy. As was shown, Zy represents the total 
impedance between the station ground and the cable envelope and repre- 
sents the sum of the following impedances; a) impedance of the conductors 
connecting the ground with the station equipment; b) contact impedances 
between the grounding electrode and ground; c) the impedances of the soil 
between the grounding electrode and the cable; d) contact impedances be- 
tween the ground ‘and the cable envelope. 

In accordance with the standards set forth in GOST 464-59 on systems 
for remote feeding as for instance, cable-ground, the NUP systems are 
provided with two grounding electrodes. To the operating grounding elec- 
trode are connected the supply circuits, the shields of the equipment and 
the station cables; to the protecting grounding electrode — the dischargers, 
the metallic cores of the NUP, and the steel casing and the envelope of the 
cables. The specifications ''On Protection of Cables from Corrosion" re- 
quire the location of the grounding electrode of the supply circuit to be a 
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considerable distance (up to 100 m) from the cable. In supply stations, 
the envelopes of the cables are connected to the negative pole of the battery 
through the tapping resistor. Thus, the impedance Zy may be represented 
in accordance with Figure 2. It is easy to observe that the impedance z 
will have its maximum value within the unattended repeater stations. A 
decrease in mutual effects may be accomplished by decreasing the value of 
the said coupling impedance. If the center taps of the transformers are 
not connected to the remote-feed circuits or to the phantom circuits, then 
as a radical measure, one can consider the resistive coupling of the lead 
shielding of the cables with the operating ground electrode of the station. 
In case of remote feeding from a de current source it is advantageous to 
connect the center taps of the line transformers with the cable envelopes 
through capacitors which will result in a decrease of the coupling impedance 
in the high frequency regions. In case phantom sections are used, neither 
of the two above-mentioned methods can be used. 

If we assume that the attenuation due to the asymmetry of the sta- 
tion and line equipments are equal in expressions (1) and (3), then the 
difference between the crosstalk attenuation in the case of grounded and 
insultated center taps will be determined by the following expression: 


1 
ame) Ne foe: w2C2 4 
Ab => Be (a) — 5. \(2) _ In Zin (@in + 44) — Al nep.. ( ) 


Equation (4) proves that for sufficiently small values of the capacit- 
ance C, the crosstalk attenuation, in the case of the insulated center tap, 
is considerably greater than when the center taps are grounded. From 
this, one can make the following 
conclusions: 

1. In order to increase the 
erosstalk attenuation between the 
sections it is necessary to insert 
an additonal impedance Zaqq be- 
tween each center tap and the 
terminal of the grounding elect- 
rode of the station. As a frequent 
form of this case one can consider 
the circuits shown on Figure la 
and b. In the first case Zaqq = 9: 
in the second, Zaqq = ©. 

2. In measuring instru- 
ments, where the center taps of 


Zin 12(1) 
1 pair 


Zin 12(2) 


2 pair 


Figure 3 


75 


the transformers are not grounded, and the absolute value of the capacitor 
C is not too high, the requirements toward the symmetry of the transform- 
ers for the measurements of the crosstalk attenuation may be lowered. 
This conclusion agrees with that of Krasik, which was mentioned above. 

After inserting the additional impedance, we obtain a wiring diagram 
of the two sections as shown in Figure 3. If we neglect the effect of capaci- 
tor C on the input impedance, then a mathematical analysis of the circuit 
will result in the following relationship: 


2 
ts 2z. Z. Zi z 
Og) =n | Peale 4. “Bd a ee | 
Xin Zinty Azy zy 


— an [Cem Pe sty 4 7 PIM) (Cg Past) 4 PIM) 4 21 nep (5) 


It is easy to prove that when replacing the deltas 1-3-0 and 2-3-0 of 
Figure 3 with star connections, considering that 1/wC > zjn/2, that the 
additionally inserted impedance Zaqq turns out to be the shunt impedance 
W2i@Ce 

Then the total additional impedance will have a value 


1 
2ada(0) — Zadd j +120C 2aqq° (6) 


Therefore, the insertion of zaqq will be advantageous only for those 

frequencies for which the relation 1/wC > zaqq holds. 
- Quantitative Analysis of the Obtained Results. 

In order to determine the magnitude of the mutual effect between the 
sections for an asymmetrical load, first of all one has to perform meas- 
urements of the attenuation due to asymmetry of the cable sections and the 
line transformers. The analysis of the above circuits which were designed 
for the measurements of the above coefficients shows that an identical re- 
sults, having a correction of 0.7 nepers, may be obtained if one uses the 
circuit given in Figures 4a andb. The measurements should be performed 
by using an indicator having a high input impedance. The circuit given in 
Figure 4c is suggested, if high noise level is present. In the circuit of 
Figure 4a and b differential chokes may be used for reference impedance Zy. 
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7 fe kee The attenuation due to asym- 
metry was measured on existing nation- 
wide cable systems, as well as on 
shipping lengths of the cable MKSB-60. 


measuring conditions 


me, 2 7 mn In addition to the transformers which 
— . be 30, Rep were distributed along the line, meas- 
a Zi aoe urements were also performed on 
OAS, aiteae each individual type of the cable. The 
Cc) minimum magnitude of attenuation due 
Figure 4 to asymmetry obtained during. 
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the measurements are presented on Figure 5a and b. It is necessary to 
point out, that the minimum magnitude of attenuation due to asymmetry of 
recently manufactured line transformers is below the presently existing 
requirements by 2-3 nepers. Using the tabulated magnitudes of Zin and 
substituting z max), bast (min); Pal (min) into (1), it is easy to prove 
that the euiielated magnitudes of bp] (a) at high frequencies are of the 
order of 12 nepers. Therefore, the analyzed form of effects has consider- 
able importance in the case of a two-cable communication system. 
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Figure 5 


In order to check the calculated results, measurements were per- 
formed on an experimental section of an existing cable system which serves 
for multiplexing purposes using a K-60 system. The measurements were 
performed in accordance with the circuit illustrated in Figure 6a, and the 
asymmetry of the station devices was changed with the help of impedances 
R, through Ry, (R, through Ry > zjyn), and R,, which was used to simulate 
the coupling impedance. Impedances R; and Ry were used as the additional 

_ impedance Zadd. 


Figure 6b presents one of the experimental curves, which shows that 
the experimental and the calculated values are in close agreement. 
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Using expression (1), one can calculate the magnitude of increment 
Abp] (a ) for different magnitudes of attenuation due to asymmetry of line 
trans seas (Ab = ba st - bal). The results of the calculations are shown 
on Figure 7a. One can see from the curve that for an attenuation due to 
asymmetry of line transformers which is less than that of the cable sec- 
tions, the magnitude of the crosstalk attenuation at the near end sharply 
decreases. A sensible increase of bp] (a) occurs only for the values of 
Ab ranging up to 2 nepers; the curve at a later point in its path becomes a- 
symptotic to the magnitude 1.4 neper. From this one may conclude that 
for the existing magnitudes of attenuation due to asymmetry in the cable 
sections, even the ideally symmetrical transformers are not able to ensure 
a normal magnitude for the crosstalk attenuation between the sections un- 
less other additional protective measures are taken. The existing standards 
of asymmetric attenuation of line transformers are unnecessarily high 
(at least 8.5 nepers). If we assume that the degree of symmetry of line 
transformers is equal to the symmetry of cable sections, the resulting 
decrease in the crosstalk attenuation due to this assumptions, which 
amounts to 1.0 neper, can be easily compensated for by a certain increase 
in the value of agqq- Here we have to take into account only the corrections 
which are necessary because of the variations in the transformer param- 
eters, as well as the instability of the characteristics due to temperature 
changes etc, and perform the necessary normalization with a certain toler- 
ance (of about 0.5 neper). 

Then the norms of asymmetric attenuation of line transformers may 
be determined by the following expression: 


ba (mr) > b4(1) -+ 0.5 nep. (7) 


It is obvious that one has to account for the frequency variations of 
ba (1). Concerning the norms of asymmetric attenuation of cable systems, 
one may state that it is doubtful that they should be made even more strict 
then they are in order to decrease the analyzed effects. It is much 
more simple and inexpensive to insert additional devices at the end of 


the section than introduce a complex technology into the manufacturing 
of cables. 
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FILTER REQUIREMENTS 


Knowing the frequency response of zy, zjn and ba it is easy to deter- 
mine the necessary magnitude of zaqq by the following approximate equation: 


(0 —2b —0,7) 
Zia > Vi2,Zine ees , ohms (8) 


The relation (8) is obtained from (5) for frequencies above 12 ke, 
and assumes that the asymmetric attenuation of line transformers and 
cable sections are equal (bg st = ba] = ba) and that zadd has inductive 
character. 

For a norm of 17 nepers of crosstalk attenuation at the near end 
between sections of a two-way 
transmission cable, one has to 
account for a magnitude of b = eee 
=19nepers. The eater ree fa pee) 
may be found in the literature, 12 
and Zy can be obtained from the 
curve of Figure 7b. If one takes 6 
the minimum values of bg accord- 2) 
ing to Figure 5b, the zagq must 4 
have magnitudes which are not 
ee than those on Figure 8a. 0 son 150200250 
n the same figure one can see tind 
the inductive character of the 
choke, which ensures the neces- 
sary magnitude for zaqq. Itis 
obvious, that one has to take the 
mrximum value of the mentioned eto 
4 ow frequency }, 
inductance ° transformer ' 

Recently, on a nationwide 
HF cable system the type of 
entrances shown in Figure 8b 

_ were introduced. It is obvious remote feeding 
that zaqq will be determined —j 
here by the magnitude of the 
characteristic impedance of 
filter D-8. Therefore, in order Msi 
to decrease the mutual effects eG ec 
between the sections in the HF 
region, the filter must have an 

' input impedance measured from 

the line side of not less than 

Zin (f) © 2Zadq» where Zadq is an impedance which was calculated by 

equation (8). 

These requirements are satisfied by T filter sections of the K-type. 
The use of m-type sections here would be disadvantageous because we do 

not need a steep slope for the attenuation curve, as well as the sharply de- 

creasing characteristic of the m-type filters in the HF regions. The lat- 
ter would lead to an increase in the effect between the sections in the HF 
regions. Finally, it is important to note that the line transformers should 
be subjected to certain requirements as to the maximum permissible value 
of the capacitance between their line terminals and the shield conductor, 


which follows from equation (6). 
The maximum tolerable magnitude of the mentioned capacitance is 


Zadd in 10° ohms 


ren | 


w 
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determined by equation (9) if Zaqq is real, and by equation (10) if Zadd 
is inductive. In the latter case the requirements are less rigorous, since 
a resonance of the current is present. 


VY Weekes (9) 
2K » Zadd 
SE (10 
oz add ) 
where K = Zadd (0) /Zaqq is the magnitude which shows how many times 
the additional impedance can be decreased when it has been shunted by the 
mentioned capacitors of the transformer. This magnitude should be ac- 
counted for during the calculations. 
The above remark is of special importance since there is a project 
to widen the frequency spectrum of a multiplexed cable in the near future. 


C< 


CONCLUSION 


As a result of the performed investigation we have obtained: 

1. Mathematical relations which permit one to calculate the magni- 
tude of the additional effects between cable sections due to asymmetrical 
loading with respect to ground. 

2. A proof that for existing symmetry of an HF cable section, it is 
impossible to reach the desired magnitude of the crosstalk attenuation at 
the near end in two-way transmission cable sections, even for ideally 
symmetrical transformers, without taking additional protective measures. 

3. The necessary requirements for the symmetry of a line trans- 
former were established. The asymmetric attenuation of the transformers 
may be lowered with respect to the existing norms by about 2 nepers. 

4, Equations for the calculation of the magnitude of the additionally 
inserted protective impedances. A number of requirements toward the 
HF chokes, or low-frequency filters which are to be inserted at the center 
taps of the transformers. 

5. A proof that a normalization of the capacitance of the line coil 
with respect to the core is necessary and equations by which this norma- 
lization may be calculated were given. 
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BRIEF COMMUNICATIONS 


TRANSIENT RESPONSE OF COAXIAL CABLES CONSIDERING OHMIC 
AND DIELECTRIC LOSSES 


G.V. Glebovich 


Pulses of short duration with a rise time in the millimicrosecond 
region and sometimes as short as fractions of a musec (107° - 10-!° sec), 
are finding increasing application in the field of pulse techniques. The 
spectrum of musec pulses is very wide and includes frequencies up to 
a= 01° cps. Such pulses during propagation through short sections of a 
coaxial cable, undergo an easily observable distortion which is due to the 
losses which have been developed in the conductor and the dielectric of 
the cable [1]. 

L.A. Zhekulin investigated the transient processes which occur in a 
coaxial cable, but considered only the ohmic losses [2]. As shown by 
measurements of losses in a coaxial cable having a polyethylene filling, the 
dielectric losses will be equal in magnitude to the ohmic losses at fre- 
quencies of 1.5 x 10° cps. However, at higher frequencies, the dielectric 
losses become greater [3]. Figure 1 illustrates an example using cable 
RK-6, and presents curves of attenuation versus frequency for the con- 
ductor (Bq). The cable has a polyethylene filling. The attenuation in the 
conductor, up to 200 Mc, exceeded by many times the attenuation in the 
dielectric. The attenuation in the conductor of cable RK-6 at 1850 Mc was 
found to be equal to the dielectric attenuation. Therefore, the transient 
response of a coaxial cable considering the ohmic and dielectric losses is 
of considerable interest. 

The transmission coefficient of a coaxial cable may be represented 


in the following form: 


¢ 


K = eu , (1) 


where the propagation coefficient y in the high-frequency region, considering 
only the ohmic losses of the cable, has a form [2] (2) 
1=joVLCo+ Vio, 
C3 (2') 
1 . 1 1 
ne VEE (stn) 
Where Ly and Cy are the inductance and capacitance per unit length, 
u is the magnetic permeability of the inner and outer conductors, p is their 
specific resistivity, r,; and r2 are the radii of the solid inner and the hollow 
outer conductors. If the inner conductor is of the multiwire type and the 
outer one presents a sort of sleeving, then equation (2') has to also include 
the corresponding coefficients, The transient response of coaxial cables 
may be expressed by the following relation in cases where only the ohmic 


losses are included: 


81 


A(t) =1—-@ ae 

f = - ———- |, 
( 2Vt, (3) 

where ® Re Sst is the Kramp function, ty =t- VLpCp , is the length 
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Figure 1 


In order to account for the ohmic losses as well as for the dielectric 
losses, one has to start with the analysis of the general expression for the 
propagation coefficient [4] 


1= Vi Zo¥o = V (Ro +) Lo) (Got j oC) = (4) 
— B +i a, 
where 

Ka. y/ So Gf be (5) 

A= iomaes Cy ~ PR* Ba» 

ee Ran ees 
= Melssten ol —_— = Sei 
a v0 7 ( 2 Ts 2 x 


(5') 


The resistance Ry and conductance Gy at high frequencies are deter- 
mined by the following expressions [5]: 


1 WUE ] 1 
R= — bg fe yg ds (6) 
ane 2 ( r > ro ): 


Gy = Cg tg 2, Hy 


(6) 
“tg = tangent (Transl.) 
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vy 
where 6 is the loss angle in the dielectric of the cable. 

The dielectric losses depend upon the frequency; however, there is 
no known expression for this relation. For coaxial cables having a solid 
dielectric filling of polyethylene, there is experimental data available on 
the ohmic and dielectric losses which were obtained as a result of special 
measurements performed in a wide frequency region [3]. There is known 
also a curve, with the help of which one is able to determine the tangent 
of the loss angle in the polyethylene as a function of frequency [5, 6]. 


-yjtg 6 
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Figure 2 


On the basis of the above experimental data we have derived an 
equation which is useful for the approximation of the tangent of the loss 
angle as a function of frequency for polyethylene. Since the dielectric 
losses in a cable should be accounted for only at high frequencies, be- 
ginning at a few hundred Mc, our interest is limited to the approximation 
of the curve of the tangent of the loss angle as a function of frequency only 
for the mentioned frequency range. In this frequency range, the relation 
between tangent 6 and the frequency may be approximated by the following 
empirical equation: 

a,Vo 


ig3 =—+_—__, 


1 -4- mo 


(7) 


sl, ae 

where the constants aj = 1.2 x 10-8 sec*/rad?, m = 2 x 1071! sec/rad. 

Figure 2 illustrates a curve of tangent 6 as a function of frequency, 
which has been obtained by experiment. On the same graph we have located 
the calculated values of tangent 5 (x's) using equation (7). The calculated 
values are satisfactory in the regions of interest. 
The conductance of the cable Gp at high frequencies in accordance 
with equations (6) and (7) may be determined by the following expression: 


3 
bree! ayo Cy (8) 
coat + mw ’ 

Using equations (8) and (5) we derive a relation between the attenua- 
tion in a cable with polyethylene filling and the frequency, which agrees 
with the measured value to a sufficient degree. Figure 1, in accordance 
with the curve of dielectric losses (fq ) as a function of frequency and 
constructed by the experimental data, illustrates points (x's) which corre- 
spond to the dielectric losses as calculated from equations (7), (6') and 
from the second part of expression (5). It is apparent that the calculated 
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values agree with the curve for BG/to a sufficient degree. On the basis of 
equations (4), (5), (6) and (8) we/obtain the following expression for the 
propagation factor: ire 


1+ mo 

ea ees Bee ©) 
see i ey 

+1 wel olg + Taine A 


where b = a, ae = V1pCo, the value of b; is given by equation (2'). 


Knowing the propagation factor 7, one is able to determine the transmission 
coefficient for the coaxial cable in accordance with expression (1). 


R= : 


j= boy 


oa meg tt ha Si 
exp ( E Votp—— + 
1+ mw 

1 


we 372 \2) Me 
iV sae =) 


To find the transient response of a coaxial cable considering the 
ohmic as well as the dielectric losses would involve considerable difficul- 
ties using operational methods or Fourier integrals because of the com- 
plexity of the transform expressions, since the expression for the trans- 
mission coefficient is very involved. Even an approximate solution of the 
problem for small values of l and t lead to complicated expressions. There- 
fore, the transient response is obtained by a graphico-analytical method 
with the help of characteristics of a coaxial cable for real frequencies [7]. 

First the transient response curve for ohmic losses is constructed 
by the method above. This curve is in good agreement with the transient 
response curves as calculated by equation (3). For the case where the 
ohmic loss as well as the dielectric loss is considered, we first calculate 


and construct a curve corresponding to the real part of the transmission 
coefficient: 


P (w) = |K (#) | cos ¢ (), 


where |K(a)!| and ¢(w) are calculated from expression (10). This curve, 
as is illustrated on the graph is approximated by triangles. We then cal- 
culate the transient response of the coaxial cable with the help of the 
corresponding equations and tables [7]. 

Figure 3 illustrates the transient characteristics of a RK-3 cable 
with length of 5 m for cases, when only the ohmic loss is considered (a) 
and when the ohmic and the 
dielectric losses are both 
considered (b). It is apparent 
from the curves, that the set- 
tling time in the second case 
is considerable greater, since 
the bandwidth of the cable con- 
siderably decreases because 
the high frequency components 
of the signal diminish due to 
the dielectric losses. Figure 
4 and 5 illustrate the transient 
Figure 3 response for cables RK-1 and 
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RK-3 for different cable lengths. 1 
The settling time in cable RK-3 
is less, since the losses in cable“® 
RK-1 are greater than those of 16 
cable RK-3. However, the di- — 
electric losses of both cables a 
are nearly equal. 

It is apparent from the 
givencurves, that the transient 
response curves of the cable a 06 a a3 
have a rapid as well as a slow 
rise section. The evaluation 
of the settling time of the tran- 
sients in this case is best per- 
formed on the basis of the dura- 
tion of the first-mentioned sec- 
tion of the characteristics, since 06 
the possibility of transmitting 
a musec pulse without appre- 
ciable distortion to its leading 
edge depends upon the duration 
of this section. 


In order to transmit musec 90% 5 a2 a3 a4 
pulses with a leading edge below 
one musec duration, it is neces- Figure 5 


sary to use cables RK-3, RK-6, 

RK-2 which have a shorter set- 

tling time for the transients. These cable types, for a length of 10 m, 
will have a settling time of 0.12-0.15 musec. Using the transient response 
curves (Figures 4, 5 ) one can evaluate the settling time for cable sections 
of different lengths. 
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